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Evaluation of a Surface Collection Efficiency and a Stability of Flow Rate for the Commercially Available Filters Used

for Ambient Radioactive Aerosols

Yuki TAMAKUMA,*! Ryohei YAMADA,*! T Kazuki Iwaoka,*? Masahiro Hosopa*!2 and Shinji TokoNamI*?#

Airborne radioactivity measurements are necessary to know the contamination level and internal doses for residents after
a nuclear accident. In addition, measurements of radon progenies in air, which are the risk factor of lung cancer, are also
important to evaluate lung dose. In these measurements, a filter sampling is used to collect radioactive aerosols. However, it is
well known that results of the measurement using a filter are strongly dependent on characteristics of the used filter. Selection
of a suitable filter is important to achieve the high-resolution and long-term measurement. “Surface collection efficiency
(SCE)” and “stability of air flow rate” were examined for six types of filter that are commercially available in Japan. In Japan,
cellulose-glass fiber filter paper (HE-40T) is used for an environmental monitoring in Japan. In this study, it was found that
the SCE of HE-40T was lower than that of mixed cellulose ester type membrane filter by Merck Millipore (DAWP02500).
Attenuation ratio of flow rate for DAWP02500 was evaluated to be 2.9% which was lowest in six filters. The results suggest
that the DAWP02500 is the most suitable for collecting radioactive aerosols for a long term.

KEY WORDS: membrane filter, performance test, surface collection efficiency, radon progeny, aerosol filtration,

environmental monitoring.
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Table 1 Evaluated filters and their characteristics.

Filter name Model number Manufacture  Thickness (um)  Pore size (um)
Mixed cellulose ester type membrane filter (DA) DAWP02500 Merck Millipore 150 0.65
Mixed cellulose ester type membrane filter (AA) AAWP02500 Merck Millipore 150 0.8
Mixed cellulose ester type membrane filter (A065)  A065A025A ADVANTEC 150 0.65
Mixed cellulose ester type membrane filter (A080) ~ A0S0A025A ADVANTEC 150 0.8
Coated type filter (CMF) Y020A025A ADVANTEC 95 2.0
Cellulose-glass fiber filter (HE-40T) HE-40T ADVANTEC 410 -
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Fig. 1 A schematic diagram of experimental setting. The
aerosol of sodium chloride was generated by an aerosol
atomizer and dried by a diffusion dryer. Radon gas was
generated from a rock sample and its progeny was provided
to radon chamber by a pump for mixing aerosols and radon

progeny.
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(a)

(b)

Fig. 2 The spectrum on each method. (a) The spectrum of **Po is compared with that of
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*'Am which is assumed that SCE is

100%. SCE is calculated by formula (1). (b) The spectrum wrapped at the peak of *'*Po is assumed that SCE is 100%. SCE is
also calculated by formula (1). (¢) SCE is determined as the count ratio between B and (A + B) areas.
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Fig. 3 A schematic diagram of experimental setting for measuring flow rate. The experiment was carried out on the 6th floor of
the building. Three filters were installed at an interval of 1.7 m and a position of 5 cm from a wall surface.
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m H#HR EEE

1. REWHEDE

DA & HE-40T IZHIET AT ANF =AY Mo Z
N2 Fig. 4 (a) R (b) \IRT o Tz, ARWIFECREAN L
72 SCE OAH M OSSEATHIZEIC X D 15 S 72l % Table 2 |
Yo AVTVLYTA4NVE T, 74T OFLEHI/NE
WIT L SCE S W EINIDSEED H7z. T72, DA, AA,

10*L (a)

counts
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C

counts
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ch

214

Fig. 4 An alpha energy spectrum of ~ "Po by (a) DA and (b)
HE-40T

Table 2 Results of evaluation of SCE.
Surface collection efficiency (%)

Filter name A) ®) ©) Previous
report
DA 79.9 49.4 92.6 -
AA 64.9 42.7 92.9 99.9
HE-40T 28.7 22.4 57.1 53.4
CMF 53.9 31.2 90.8 -
A065 83.1 62.1 91.9 —
A080 72.4 53.3 92.1 -

(A) the method comparing the spectrum of *'*Po with that of **' Am.

(B) the method assuming the spectrum wrapping at a higher part of
the peak channel of the spectrum of ***Po is 100% of SCE.

(C) the method reported by Iivoro et al. 1994,

“Previous report” is IimoTo et al. 1994.”

CMF, A065 JZ TF A080 @ SCE A3H¢3k & 1) BREE gt ik €
=5 ¥ 7R ik OB R B S Tw % HE-
40T X DM WICHWRERE o720 () TROHN
72 AA L OV HE-40T @ SCE % BATWIse TR oz &
Rgd % &, AA TIZEATHIZE X D KW, HE-40T T
EREWEEZ IR L72e S OREMIEANIECRE L) v 7
)y TimR 7 4V BICHiIE LT a v oS
DEBREMEPHERE ZR LD LICERNT 22 E2 06N
bo LL&AYS, Iimoto 5DHGETIE, o7y 7
MR L7 0NV OREIIET 2RI s
OEZHAICHKT 2 2 LI TE RV, bbb ol
TIXZofED Iimoto 5 X ) b REMEZ > %4
HWENEL b2, 74V FNEBIZT 7 a5k
HELR T %D, SCEVMKL G SN2 RN H %
EEZTWD, $72, TT7 OV NVORBEIVNS WIS
FBIZT7 4 VI NBICHEE LT b L PRENS T2
® SCE 2K Gl S M AW REME DD b0 VT NIZL T
bEFEEREMTTTF = 2MA LT T LEDLD
5o

2. REOREMN

FHT ANV ICRATOZT O VEELLL &
DR OFRMEEAL % Fig. 5 1R T MEMAE, R
DRI R ISR R A EIn 2R L, 5
12 A065 L UF A0S0 TII R X i A E I 2 /R L7z, ME
FAGRE 2 DT TOME O TR L LB R E
Table 3 |[Z/R . fiim O T HEIMLWIEIZ DA (2.9%),
CMF (4.2%), HE-40T (6.1%), AA (7.4%), A0SO (7.7%),
A065 (11.0%) THh o720 ZERIKIZOW T iR OK
THERLBBUGANMKOMEINEZ/RL, DA (0.007), CMF
(0.010), AA (0.010), HE-40T (0.012), A080 (0.013),
A065 (0.022) DA NMEZ IR L7z, WERTRE 7 4
W& JLEO N Z AR 2 Em & L TR OMBBRIR
Iz, LaL, wdimEKTRIKE 72 A06S
LR UL AT 5 DA O TRITIR D /DS Wiz
RL7 MHFRFELESD LT —RABRET AT VHHY
WKHwHRTWE 72D, MEICL2REEIRVWEEZ
bNb, L72Ao>T, O NERTIE DA I L 72
74 NVE ORTHRERTRIR S /NS CMEDPLEL T
BY, RKRz7a VLWL 74 vy & LTHEL
TWwWbeEz6N5, L, 7407 EOREREE
DEFEFIZDOWTIIEGBRET 2 LEP D S,
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Fig. 5 A stability of flow rate. Relative flow rate shows an air flow rate standardized by the average air flow rate of the first
1 min.

Table 3 Attenuation ratio of flow rate and a coefficient of variation for flow rate.

Filter name Attenuation ratio (%) Coefficient of variation

DA 2.9 0.007
AA 7.4 0.010
HE-40T 6.1 0.012
CMF 4.2 0.010
A065 11.0 0.022
A080 7.7 0.013

Attenuation ratio of flow rate is defined as the ratio of the decrease in flow rate at the
end of measurement to the flow rate at the start.

IV % & 2]
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SRV TREME=ZICHVWE 7 4 V% L LT DA D #
THEEZOND, 12721, CMF IE SCEW <L, s
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WA, FARMIRICH LT, B/RT X R BCRTE
X7,

Z £ X #

1) Nuclear Regulation Authority in Japan; Kinkyuuji
monitaringu ni tsuite (Gensiryoku saigai taisaku shishin
hosoku sankou shiryou) [A complemental note for
guideline against a nuclear accident] (in Japanese),
Nuclear Regulation Authority in Japan Website, Available
at: http://www.nsr.go.jp/data/000027739.pdf, Accessed 30
April 2018.

2) Nuclear Regulation Authority in Japan; Gensiryoku saigai



Evaluation of a Surface Collection Efficiency and a Stability of Flow Rate for the Commercially Available Filters Used for Ambient Radioactive Aerosols 11

taisaku shishin [Guideline against a nuclear accident] (in
Japanese), Nuclear Regulation Authority in Japan Website,
Available at: https://www.nsr.go.jp/data/000024441.pdf,
Accessed 16 March 2018.

3) Nuclear Regulation Authority in Japan; Heisei 28 nendo
senryoukeitsuki taiki monita no kounyuu ni kakaru ippan
kyousou nyuusatsu setsumeisho [Guideline for a general
competitive bid of a dust monitor with a dosimeter] (in
Japanese), Nuclear Regulation Authority in Japan Website,
Available at: https://www.nsr.go.jp/data/000168535.pdf,
Accessed 16 March 2018.

4) R. YamaDa, Y. Tamakuma, K. Iwaoka, M. Hosopa and Y.
SHIROMA, et al.; Measurement system for alpha and beta
emitters with continuous air sampling under different
exposure situations, Appl. Radiat. Isot., 126, 79-82
(2017).

5) L. Fuarkowska-Licawa and T. A. PrzyriBski; First radon
measurements and occupational exposure assessments in
underground geodynamic laboratory the Polish Academy
of Sciences Space Research Centre in Ksiaz Castle (SW
Poland), J. Environ. Radioact., 165, 253-269 (2015).

6) O.A. Dumitru, B. P. OnAc, J. J. Fornos, C. Cosma and A.
GInts, et al.; Radon survey in caves from Mallorca Island,
Spain, Sci. Total Eviron., 526, 196203 (2015).

7) D. E. Tcuorz-Trzeciakiewicz and T. ParkiTMY; Radon as
a tracer of daily, seasonal and spatial air movements in
the underground tourist route “coal mine” (SW Poland), J.
Environ. Radioact., 149, 90-98 (2015).

8) WHO; WHO handbook on indoor radon (2009), World
Health Organization, Geneva Switzerland.

9) ICRP; Lung Cancer Risk from Radon and Progeny and
Statement on Radon, ICRP Publication 115, Ann. ICRP,
40 (1) (2010).

10) N. Kavasi, T. Vigh, T. Kovacs, J. Vauvrotic and V.
JoBBAGY, et al.; Dose estimation and radon action level
problems due to nanosized radon progeny aerosols in
underground manganese ore mine, J. Environ. Radioact.,
102, 806812 (2011).

11) A. Suanroknr, T. VicH, C. NemetH, A. Csorpas and T.
KovaAcs; Radon measurements and dose estimate of
workers in a manganese ore mine, Appl. Radiat. Isot.,
124, 32-37 (2017).

12) S. TokonNami, T. IcHum, T. Imoto and R. KUROSAWA;

Calculation procedure of potential alpha energy

concentration with continuous sampling, Health Phys.,
71, 937-943 (1996).

13) N. KmvoucHr, T. Oisui, H. Noguchi, S. Karo and M.
Istizawa; Selection of filter media used for monitoring
airborne alpha-emitting particles in a radiological
emergency, RADIOISOTOPES, 50, 403—407 (2001).

14) K. R. Spurny; On the history of air filters and aerosol
filtration, J. Aerosol Sci., 28, 391-392 (1997).

15) K. R. Spurny, J. P. Lopgg, Jr., E. R. Frank and D. C.
SHEESLEY; Aerosol filtration by means of Nuclepore filters:
structural and filtration properities, Environ. Sci. Technol.,
3, 453-463 (1969).

16) K. R. Spurny, J. P. Lopge, Jr., E. R. Frank and D. C.
SHEESLEY; Aerosol filtration by means of Nuclepore
filters: aerosol sampling and measurement, Environ. Sci.
Technol., 3, 464—468 (1969).

17) M. J. ManTon; The impaction of aerosols on a nuclepore
filter, Atomos. Environ., 12, 1669-1675 (1978).

18) M. J. ManToN; Brownian diffusion of aerosols to the
face of a Nuclepore filter, Atomos. Environ., 13, 525-531
(1978).

19) Merck Millipore; Meruku firutd katarogu 2017 [A filter
catalog in 2017] (in Japanese), Merck Millipore Website
[online], Available at: https://www.merckmillipore.com/
JP/ja/20140619 104322, Accessed 16 March 2018.

20) Toyo roshi kaisha, Ltd.; 2017-2018 Laboratory
equipment & Instruments Filtration Media & Filtration
Systems (in Japanese), Toyo roshi kaisha, Ltd. Website
[online], Available at: http://saas2.startialab.com/acti_
books/1045173776/13429/, Accessed 1 June 2018.

21) Ministry of Education, Culture, Sports, Science and
Technology; Taiki houshasei busshitsu no monitaringu
ni kansuru gijutsu sankou shiryou [A technical note on
monitoring of radionuclides in the air] (in Japanese),
Japan Chemical Analysis Center Website [online],
Available at: http://www.kankyo-hoshano.go.jp/series/lib/
RM1.pdf, Accessed 30 April 2018.

22) C. Pornnumpa, Y. Ovama, K. Iwaoka, M. Hosopa and S.
Tokonamr; Development of radon and thoron exposure
systems at Hirosaki University, Radiat. Environ. Med., 7
(1), 13-20 (2018).

23) T. Immoto, K. Funmmoto, S. Tokonami and R. KUROSAWA;
Characteristics of major filters used for *’Rn progeny

measurements, Radiat. Meas., 29, 161-164 (1998).



12 Yuki Tamakuma, Ryohei YaMaDA, Kazuki Iwaoka, Masahiro Hosopa and Shinji TokONAMI

FRE fhAfg (2F<FE w9 )
1904 AETFARIL M B, [ ST K2 A LR
KRB R BRI A R
SR LEIERAL 2 4E. BUEE, JUHRY
- BRI - BRI 200 B 5 R AT
KEFWZBIF AT v - bu VRIES O/
HIHEDbS TV A,
E-mail: h17gg204@hirosaki-u.ac.jp




Jpn. J. Health Phys., 54 (1), 13 ~ 18 (2019)

]

DOI: 10.5453/jhps.54.13

hPEOZMHSEL NILOBE
—HRESHBDBE—

htgs RETTEL

(2018 4E 7 H 10 H=ZA)
(2018 4F 12 A 21 HEER)

Overview of Diagnostic Reference Levels in Japan —Current Situations and Future Prospects—

Takayuki [GARASHT*!#

Radiation protection of patients in medicine is based on two major radiation protection principles, that is justification

and optimisation. For medical exposures, the International Commission on Radiological Protection (ICRP) recommends
optimisation according to the ALARA (as low as reasonably achievable) principle. ICRP recommended the use of Diagnostic
Reference Level (DRL) for patients in Publication 73 to promote optimisation of protection in radiological Diagnostic. In
ICRP 2007 Recommendation and International Atomic Energy Agency (IAEA) Radiation Protection and Safety of Radiation
Sources: International Basic Safety Standards (BSS), instead of the guidance level that was the concept of optimisation so far,
DRL is adopted as a tool for dose optimisation. In Japan, National DRL was released in June 2015 from the Japan Network
for Research and Information on Medical Exposures (J-RIME), but understanding and dissemination have not progressed
sufficiently. In such circumstances, J-RIME decided to revise the DRL targeting 2020. Various activities are gradually
beginning toward revision. With reference to ICRP Publication 135 “Diagnostic Reference Levels in Medical Imaging”,
J-RIME aims to create a new DRL that can withstand international evaluations.

KEY WORDS: diagnostic reference level, DRL, J-RIME, ICRP.
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EEHRIC BT B BHE ORI REDT 1L, 1E241L & fRoEft
EV ) 2 DDRE RIS RPIFEEINIZIE DT W 2,
International Commission on Radiological Protection (ICRP)
FERHEIE IOV T, IEX LS Mm% ALARA
(as low as reasonably achievable) JFHIIZ X 0, #EFH K
OHAMERNZZERICANT, TE2R)R0E IR
LiELT 5L EIEL Twb,

Z D% ICRP &, BB W 31T 5 Biik o s b
AT B 72012, HE T3 9 % Diagnostic reference
level (DRL) @ fi il % Publication 73" TH#y 5 L 720 L
PL%EHS, bHEIL DRLs DRENKKS T ¥ 75k
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ENZHART, BRTWOPHIRTH S, 72, ICRP
@ 2007 FHhED R EBSIE T 18R (International Atomic
Energy Agency: IAEA) @ Radiation Protection and Safety
of Radiation Sources: International Basic Safety Standards
(BSS)VIZBWTIE, 4FTORBILOMETHo72A
A5 Y AL RNVIZEZ T, DRL 2k L0700
V=& LTHRHLTWSY, 72 ICRP Tl&, 2017 4
10 H1Z, DRL (ZB43 % Publication % Hikit L 7=
HHIE D DRL A3 2015 4F 6 12 R FEHE < WFFE15 Hit
A v b7 —2 (Japan Network for Research and Information
on Medical Exposures: J-RIME) X 0 V1) —ZA ST 34E
VIR L7zns, FRF2MFRE LRI THHEATHD
EIXFERBVIRI TS 5o ARHMEFERFIIZIELETFEE O
PR OB IEE P 2 MR X BT, EH
X< OBEIEE RO RBLOIRG TIBZWSE LNV ISE
D72 F O ERS  oix G-E OE L 2 BT
HZ LU EIN TS, £D L) 2T, DRL O
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SOMRENED B 720, FOWMEE TE B2 520k
RbHZEIZT 5,

II J-RIME & &

PRI AE < WFZEREFRA v 7 — 2 (Japan Network for
Research and Information on Medical Exposures) @ 937
75, J-RIME &5 9 BEFRAT & 720 BRIEHIE LSBT
LRI, FFWICBEZCHFELTED, ToOMFIBITE,
WEAF DML B WIZEAAFIEISIEB L TWwb 2 & T
L ENnZ &, BRFEFOM THmINTE
720 EEZHIIZ D WHO Global Initiative, TAEA Smart Card/
SmartRadTrack Project, UNSCEAR Global Survey 7 & %%
HTBY, EBEMIZAH—V - Yy ELToRIbE
LT RS R WIRMIC R > TE2Z L 28IC, BIfR
5 AR DM LT IS OFERTEICI Y M7z
D OBED B LT OFEDW T & 720

Z DR, 2010 4F 3 AT BRI CHFFEREHHRCR » b7 —
7| DAL EN, TEEABIG S 7z MR OAERITS
MEARAIIZERT (REN) OREREHFER (L)
THY, BAEILERKTFOMBEEBIRPRELHO TS
D, BEEESLEHMEHO (%% ] EEETH L,
B omMB A% Table 112, BtBEINTWVWET—F >
77V —7 % Table 2 \Z7R$ 6 J-RIME (& Z 1L 5 i1 Fifk
T OITER RS - WE9EHT %6 & 2 BRSO % SN T IR

Table 1 Participation bodies of J-RIME. As of June 2018.

« Japan Association on Radiological Protection in Medicine

« Japan Society of Medical Physics

« Japanese College of Medical Physics

« Japan Radiological Society

« Japanese Society of Nuclear Medicine

» Japanese Society of Nuclear Medicine Technology

e Japan Medical Imaging and Radiological Systems Industries
Association

« Japanese Society for Oral and Maxillofacial Radiology

» Japanese Society of Pediatric Radiology

« Japan Association of Radiological Technologists

« Japanese Radiation Research Society

« Japanese Society of Radiological Technology

» Japanese Society for Radiation Oncology

« Japan Health Physics Society

Table 2 Working groups in the J-RIME.
* Pediatric Protection Working Group
* Smart Card Working Group
* Factual Investigations Working Group
* Public Relations Working Group
* Diagnostic Reference Levels Working Group

REZ AL TWVD>Y,

2013 4F 7 H 20 HIZH T THME S 72 FEREF A - Smart
Card 5[l WG T, F— + Yx/80 L LTHDRL XE
W2 T, JRIME X ¥ N=% 0 LT i #H25hER2
EN, 2014 4E 4 H® J-RIME £ 6 FRZ BT, B
BELNIV WG BT HIENPREL, 20144E8 A
2 HIZBHWIBE L NV WG D% 1 BV ES N,
2014 4E 12 4 7 H1Z DRL-WG O 2 MI& & DBt S T,
20154 4 H 18 H O 45 7 [i] J-RIME #4312 T DRL (%)
HKREINTze ZOBRMBHKT N TOBFERLETO
KR A& ZF, 20154 6 H 7 H 24 A3E o National DRL
(Japan DRLs 2015) " 251) 1) — 2 & /2,

m BZHEELANILER

DRL & 1%, #BHHZ WA TOZOEOREER %
BEH L I3E#T 7 o b AICBIT S K EBRETOR
HEFEIEOWTIERL, ZOLRAMT T A LOTE
DEGVEICEELBRELNLDOZ L2 WD, —IY
Wi, 3G (758—k v F 4 V) Ofids kT
il LCRtESINTWAS (Fig. 1)o Vassieva 5%, [DRL
MR TR ICBNT, FLIEVRREZ VY
HMidZ RN T A0 M) =L LTHWS Y Ll
NTHEY, DRLED? S, TNENONEEIHEDBL
IZ2oWC, iDL HNVEZMLZENTEEHDT
»%o F72, ICRP2007 H-H#h1” % IAEA OF L\ BSS?
T, FEEBIEICBWTIEDRL ZHW 5 X 9 128
ENTWwW2% (Table 3), ICRP X 75 78—t ¥ & £ Vol
HIZoWT, R BRERORMNOE XL —% & L
TEIRT B, WH, 75—k ¥4V, AT S
LA DOEEM ORI TICH ), M3 % el 3
BDEMG=—N—TH5b, BFEEOY > TVrbR7:

Third quartile
(DRL)

Frequency

Dose

Fig. 1 What thing is DRL?
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Table 3 The dose constraints and reference levels used in the ICRP’s system of radiation protection.”

Type of situation

Occupational exposure

Public exposure

Medical exposure

Planned exposure

Dose limit
Dose constraint

Dose limit
Dose constraint

Diagnostic reference level *
(Dose constraint )

Emergency exposure

Reference level”

Reference level

NAS

Existing exposure

N.AS

Reference level

NA'

15

a. Long-term recovery operations should be treated as part of planned occupational exposure.

b. Not applicable.

c. Exposures resulting from long-term remediation operations or from protracted employment in affected areas

should be treated as part of planned occupational exposure, even though the source of radiation is ‘existing.’

d. Patients.

e. Comforters, carers, and volunteers in research only.

HIMED 5D 75 78—+~ % 4 VIZ DRL % i%E T %
CLIZAEWTH Y, ICRPIFIFEZ O 2 HESE L C
W3Y% DF ), DRLIIEWVHEREORZICH L THED
KK ZRT2DDL NV D TH 5,

RIS, —BELTDRLAZMZTWS I EAVHBIL -85
G, T ORI EER & BHEB B A 7 LT,
e S E KNG L, WY RIS E 2 T 5 LS
oo TORIERE (MiiEomdE ) (213, Mok,
L7208 i g s, RO 7a bavEo L
Ca—EEhcuwaiyhidz s zy (Fig 2) Y

Table 4 |2, DRL OFFB0iEEmE L7227, IVR
TIRERIE LT, NLERMERNEE Y X 7 ORI
THEEMEOER LA T LI EAHWTHY, VR
EToOMENRE (BUTREREREG % ) BRI
FTIEAE T, I LTIERDL ST 7
A RTA VD ERBTTLIEDVEETH S,

Patient dose survey and optimisation

N Collect data on DRL quanlities &
for patients 60-80 kg
Review
again in Calculate median dose for exam
3 years
time

< DRL value

Compare median
dose with DRL value

> DRL value

Review technique, exposure settings and
equipment performance results

!

Recommend optimisationstrategy and work with
radiographers to implement changes

Fig. 2 Example of audit cycle and optimisation flow chart.
DRL, diagnostic reference level.”

DRL iE—#&1Z, ¥ ¥ TNGEEHET 7 ¥ b AR, B
WBBCORMPY LY 4 ZOBHEOKEIBIT L, 2
H[A =< F MRS M EOWRIIGRED X 9 &,
BNERHICNETELZ2RDPHAVONTEY, —#ik
Wi ETIEESA S —~ (air kerma: AK), A G 2 T #
& (entrance surface dose: ESD), M O'HF&HR = (dose
area product: DAP), computed tomography (CT) 7 © ¥
volume computed tomography dose index (CTDIvol) & Y
dose length product (DLP) 7% &ED/XF X — 5w s h
TWb, FBWEESTIE, MERTE R B ED
Hwvbibd, Z o DRL & OB ICRP Publication 135
D “GLOSSARY" IZREL (BN T2 Y, FEuhiia
&, WEWEZERTIEI RS, WELFEITTLH720ITHH
¥ 5 EHER B O 23l L T ZwZ &, DRLs IZA8
VB CHBR LN 258 ASNTLE) 2 &, RUES
WKCAFTELRTIEAVWI &L LR, DRLICIFHW
shTwizn?,

IV HPEOZKESEL NIV

PIFIZ, %E4 YT 412815 Japan DRLs 2015” T
@ DRL %D HEIZOWTIHERL, M VEEIZD W
Tk 6 BNz,

Table 4 Notes on DRL.

 Not an indicator of radiation risk.

* DRL is the 75th percentile of the dose distribution based on the
current status survey, and DRL does not indicate the optimum
value or typical value of the examinations.

* DRL is not a dose limit or dose constraint.

» DRL does not apply to individual patient exposure.

* DRL must be a dose value that secures the diagnostic value.

« Stochastic effect is a subject of DRL.

* Depending on the clinical condition of the patient, if the dose at
that time is justified, it may exceed the DRL. If justification is
secured, such flexible operation is possible.
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1) Computed Tomography (CT)
CTODRLIELDFD 3 DOHFENLDOT—FHFEL %
DR s 7z,

a) (&5th) HAREZRFERFRISTE LR (&) H
R HBEN F 2O IIOT, (&) HARES
BUR B 2 OB MSHRBE I 712 fidk 2 % & LT
20144E5HI9A~25HD ) BIEFED 1 BB
LETOCTHAE (72721 100 fh% 8 2 % ¥ E131E
H 100 UL L) DEEFRMITOWTER 21T 726
FERE LT 443 figk 797 50 CT i Tz Sz
24,860 AL DIZHRMFFEAE E o 720

b) (Ath) HAZHEBSREZMEAE L 2 (Ath)
HARBSHREN F 2 om0, (&%) HARZHE
B R 23R8 (B L 72 2013 4F 8 A 23 H 2 #iib)
DELT v r—bMEERLZ, RE65kg BED
BTS2 MBI R B SR il iz K, MRS
HEHT 2 5 500 R UL RO HiF% o 307 Mk o % % 13720
F7RRIZOWT Y, ik, 1~ 2%, 3~ 5%,
6~ 10K, 11~ 15 KDKX IOV TN 2 Hix
WA E KD 72,

o) (&4t)  H A BUR BB 7 2 A W JE BEAT FF A3,
339 fliEe~%AF L7z 2012 4 8 H 31 Hio 8] ) /)
WCTHoe &7 v 7r— MiRETHET 57, 196 i
DWW N U Tze BEMED R IRRE I, 1R
i, 1~55, 6~ 10MDEXHITOWTHRETH
E L7

2) Interventional Radiology (IVR)

2008 4E S OV 2013 FEIC HARME WG - 41 v ¥ —~_¥ 3
¥ SR A A RE e S T B ftRk (H AL
Wi - A v 5 — X g CEMBE BRSO
ZERE) WL, WRAPEET L THALTWS
APEE O TVR S LU R 2 e - SREF L 72,

3) BEF

2014 4F 11 25 H~20154E 1 A 16 HIZ, &EOF
NTOMEFEZHREIR LT, Bk TR E A
L, #ifsHEE 2 = 794 MERL, M&EE2Y =7
4 MCEBEANT 2R TEROHR G = TOHEZ E
L 720

4) — ‘B

2013 FFICHF S NEA S ORWET— 5 D 2 RH L
720 T OFAIL 3,000 HiFkE MR E LERE LS OH A
ZHEML, 741 EPSEIEEG, 7Y r— MR
FEREL 72 TIEITY & VEE (CR & FPD 2 &8) O
MHiFEE 96% TH Y, T4 NVA/ A7) — v REBIE
BEAELWIEIRENT VD, 5%, TV NVEHE
NERE R D720, DRLIGT YV VEBEBD T —F DOH”
2RV THRE 2172 720

5) XTI T7 4

HI) = 7T 7 4 MK B e 2 H 2 (BL(GF
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¥ 72, 2@ DRLi&&EIZK L TH 7 DRL quantity”
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D L% Table 5 \Z7/R T o

Table 5 Comparison of DRL quantity employed in Japan DRLs 2015 and ICRP Pub. 135.

Japan DRLs 2015

ICRP Publication 135

* Entrance-surface air kerma (Ka,e)

Radiography Entrance surface dose (ESD) .
 Air kerma-area product (PKA)

Computed tomography CTDIvol, DLP » Computed tomography dose index (volume)
» Dose-length product

Mammography Mean glandular Dose (MGD) |+ Mean glandular dose (MGD)

Dental intra-oral Patient entrance dose (PED)

* Incident air kerma

Diagnostic fluoroscopy,
interventional fluoroscopy |fluoroscopicaly dose rate

Patient reference point

* Air kerma-area product (PKA)

» Air kerma at the patient entrance reference point (Ka,r)

¢ Fluoroscopy time

» Number of images in cine ordigital subtraction angiography runs

Nuclear medicine Administered activity

» Administered activity (Preferably administered activity per body weight)
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b BN 7L B Y, ICRP T id Publication 135
Diagnostic Reference Levels in Medical Imaging® % Z&F L,
DRL OIEMR INDSDH NS EEERE LT, €
DR TORFLTNE HZFHELT %o

- IVRIZBWTIE DRL ® &2 IEBL T 272012, T

DG % T, $5%E @ interventional cardiology
F-H D DRL % #3292 W Rtk 2 MRET L Twv %,
BEMEBIRA > % — X > ¥ 3 ¥ O Complexity
factors ({6 # 9 5 Il 4% @ #4, American College of
Cardiology/American Heart Association D #i4f S %% B2
LD REVIHER, EEOQULLEME) MEOH,
SR T Y bOB) 1, S OFEE M, PR
BE, FAIMBMEIC BT A EATE S LI ICXY]
L7z
- Japan DRL 2015” T3 52 & 11T\ % Achievable dose
% “Median Value of the DRL Quantity” & &3l L T
W5, DRL ®OAEEGM oI, Ki#Efkz i
H#5 5 ETOBEMMZREHEZR>, ZhzfHT5
ZET, WMEICERERZGRALIL L, HHRE
DEEWERIKRZELTE S (Fig. 3,4)o DRL D
HrOLELLT OB ORI T, a2 T

Median

(SOpercentile) 75percentile

Frequency

Achievable Dose
NCRP, AAPM

Median Value
ICRP

DRL Value

Fig. 3 Median Value of the DRL Quantity in ACR-AAPM
practice parameter for diagnostic reference levels and
achievable doses in medical x-ray imaging and ICRP
Publication 135.

BMETVLIEPBRINLLD, He DB
OB RZHBIEF -2 H.0HETIERL AR, W
BB TH DI LRI 5 EAELFHE
% %o DRLIIMEDRBEMEZRLTWVDEHDTIX
<, BEMECREOR (0% ), DRL & I
B> T A IS8 L THREOKKERT DT
»HY, DRLZ—HE L TFEH S TWA ik LT,
BEMOMBEIRS T REN L&D P OE N ERT I &
7%, Median Value D HIYTH %,

- BEHEPAS2) A— Y g YL 5 TERL—F D
BETHETETLI ) (—k, IVR &2
G iMER, ROERTESE) 2o Tid, mEH
1 (Dose area product or Air kerma-area product) O
AR S Twd (CT TiE, CTDIvol IZA ¥ ¥
VEEFEHELTHONDL DLP AENICHNS T S),
B #EPH IS D W T DAL b B THEAE T 2 72012
X, WEHREOMANIREERE LRI L THS,

C3~SHETOEMMRYUETIZTRETHY, Th
WA T, LA x—y 7 7aray,
F 721X {5 post process DK X 2 28T ASFI FH W RE IS
%o l2 A ICWETTRNETH Do

+ H4E Japan DRLs 20157 T IVR ® DRL & & L CTHW
LNT WL BHMEIRIZOWTIL, 268 OMERERF -
QCTAMELTHWAZENTEAS%Y, DRLET
RwE INTW5D720, Fi/z% DRL mTORIE
PUEEEZOND,

JlcH k72 B Y, J-RIME TIE 2020 4% HEZE L

7-bSE O DRL OWETZ HIELTE Y, SHNRICIN
T, M D HMET— Y ONEEZHIEL T,

Compliance with DRL values

)

Does not indicate that the procedure is performed at an

optimised level with regard to the amount of radiation used.
g J

4 )
The Commission recognises that additional improvement can
be obtained by using the median value (the 50th percentile) of
the distribution used to set the national DRL value.

- J

Fig.4 Median Value of the DRL Quantity in ICRP Publication
135). This median value of the national distribution can
serve as an additional tool to aid in optimisation, may be a
desirable goal at which to aim using standard techniques and
technologies, and represents a situation closer to the optimum
use of the applied radiation.
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On the ICRP Publication 138 “Ethical Foundation of Radiological Protection System”
—Developing Process and Its Outline—

Chieko KuriHARA®!#

The International Commission on Radiological Protection (ICRP) issued in February 2018 the Publication 138, titled
“Ethical foundation of radiological protection system.” Although the ICRP has longtime recognized that ethics is an essential
component of their radiological protection system, they have rarely described explicitly about the ethical foundation of the
system. For this reason, the Commission established in 2012 the task group 94 to clarify and describe the ethical foundation
of the system. As the result, the publication shows the process of evolution of the radiological protection system through
20th century until now, which leads to the identification of four core ethical values underpinning the system: beneficence
and non-maleficence; prudence; justice; and dignity, along with related procedural values: accountability; transparency; and
inclusiveness (stakeholder participation). As one of the authors of this publication, I will briefly introduce the developing
process and the outlines of it, and additionally will provide a short summary of my experience of discussion through
the workshops worldwide, concerning the nuclear accident of the Fukushima Daiichi Nuclear Power Station, as well as
commonalities and diversities of Western and Asian perspectives of ethical core values.

KEY WORDS: International Commission on Radiological Protection (ICRP), ethics, beneficence, nonmaleficence, prudence,

justice, dignity, accountabillity, transparency, stakeholder participation.

I FU®IC : TG (2K D Publication 138 DFIIT

2018 4F 2 H, RS e 49 #E B i % H & (International
Commission on Radiological Protection : ICRP) 12 X % ¥ttt
DR AR R OmPLY A% (Ethical foundation of
radiological protection system) 7%, Publication 138 & 1L T
4TS N7z, ICRP I & 2 UM AR IZB VT [
M BZOMEERTH ST L1, 1956 4D Tavior (2
X% [HEBE IR AOMETHLOA L LT, &
¥, B, TLTE D BEADOMETH % | (Radiation

protection is not only a matter for science. It is a problem of

*U(ERE) S8 A BT 72 B 56 B IO H 1 28 A WF SR T
TRBT-REHRRTR I 4-9-1 (T 263-8555)
National Institute of Radiological Sciences, National Institute for
Quantum and Radiological Science and Technology; Anagawa 4-9—
1, Inage, Chiba-shi, Chiba 263—8555, Japan.

#  Corresponding author; E-mail: kurihara.chieko@qst.go.jp

philosophy, and morality, and the utmost wisdom) ? & Mk
Zufs & L, RWELEZHR L SN TE 72, Publication
1037 Ch, Bi#ED BINIRHAIARRO A CTERSND D
DOTRE L, fEHB2MLETH S L LT 525 ICRP
@ Publication |23 TR MG EAR O T i LAY 2L |
WCOWTHIRIGICIER I N D T LT LA E LD 572,
L 2> L7 M35 Publication 109 DZERITIEGH S 1172 CLarke
and VALENTIN Dt ¥ (I3 SR 3 0 J8 I s A & A B
FMHEGROBRIVREN, TIPS L O
DB R L PR OBIMR AR U C & 72 29 L7ER
EWERT BAHEMEBHIICB W THEERICDZ DK
SIBE I BT BHEICOWTHRET LR R, FRES
(&, 4 HMERRI/ERES (Task Group) 94 (TG94)
ZRRIET 52 &% 2012 4F 10 H HADRE TOXHETHR
E L7z,

Publication 138 DFEHIIFI9 %, TG X /3= 104



20 Chieko KURIHARA

2D EBHICAS TN 1 BAFEHE L o728, W
N GTHRB O EF 2 1) H—MOBEME L L TOIF
B, 5V D AT S F MR, R,
BRI B 7 & OFIR O G HIFRRL RSO &, kI
B U720 TG OIEERIGLIT & ) 2 OFREICHY LA
i &> % F)4F L 72 Deborah OucHron I (/ V7 = —)
MWEHYGRREZBHOD, RETOERBELICDH 2015
AR R BN RRSE Lo b 3R & R T B b
(KINS) ® Kunwoo Cro FGIZ 5 L 720 TG VI MR, K[,
TIT, TI7VANLLZML, UL REHEIZOW
ThEGEEQL L, EEMIEELD 2 [N %
HAOATfE ] (core ethical values) % diih L7-ii5d & L C
FUTT A EDTE

VERGERE TR TEBIEM LR v e Ot b
B o728, RETIIHGRMA AL PEICT 5 2 & 2 &
LoD, 9 LABROWY) ANTEE L OBREH
IS ARLERZ DAY, S SICEBISAICIT M
SHRITZCREEND TG IZZFDENRFTRALhEZ L &
%5720 2018 4F 4 HIZIE [T - BH D720 O
Bidic B AME] 122w THRENT 5 TG109 25 IERIC
MHERY, EHELINIEBMT LI EICE %
AKIE T, Publication 138 DVEREFE & LHOME %
T 52 8I2E-T, AEOIHICIT 725 H%OHE R
WCETAHZECRNEERED

I 1EESSANDOSINERER

4 1d TG94 @ I B 12 1 2013 4F 8 /] KINS T O
Workshop (WS) LLRZNN L, ICRP A% [ BB 5T i B i
£4% (International Radiation Protection Association: IRPA)
E DA - b BB O 1)) % 15 T ABER 25
% LAREIZ DO WT O WS 2 HE5 % C 6 [l Fifie, o
R ofEE LTS LY B, By
NT OBbsHSER), BFEDHIB3IM (552 MHEE)
IZZML7z (Table1),

72, WS USHI b AT D720 DX AA 3 [T
LNz, ZOFTRTIEEML 720 H 1 HREIZ 2015
FE2HSFY v FTOWSIZHEWTG DX ¥ x—p34E
VRS ORI A MG L7z, 52 a1 2015 427 H /%Y
Nuclear Protection Evaluation Centre (CEPN) TRifit & 11
KEOIERGHEPNO THREIZ SN2, S S
B 1AMIEOMIIEETOEESHZ G HOEAT
K77 M2z o7 H3HHDCEPN TOR

I TG DRMDEAIL 201849 A 8, 9 HF = T LAI[E Budweis
T%{Eéﬂf:o

HRIZITRALICIT B TH o 72hs, L ooh
B3N RERBEFEHA»BEOI V2 —FTI¥A T
LT LR L7z,

KINS T WS T, 2011 SEOHHARKE K LLRi22 &
DR E LT, AR E W7 25 ik B & Sk 1w
T, BHERSICH 2 AMRICE G- L CTAT ) BRIRIFZEIC B
JBWFZE R B OREIZHE T 538 (ICRP IZB W T
Publication 627 5549 5) I2DOWTE ) F L DOFERY
IR LTz () BABERS - (Bt BART A4V b —
TR H G E P NTEY HbET, HEDEL
OWFFEREB TR & 7 5 X 9 e o BRI 23T
bITw5 L OFBHIT R SN D - 7255, ICRP #H”
VR SNEBRE IR (JAEA) ICX > THHERETX
&L 3ND 0 ZAEHRRH R MBI O 720D
FAEKFNIA T, LVIRRTHoT LITAHDPID
WS D|RBEDT ) — - F4 AH v ¥ aryTld, REET
NFEBATFN O W TR L, B FRo ERE D
A7 bR, EHREFIEC DY AZICMT a3 2=
r—3a Y ORENEROER L ol TOD, £
DKRDI T 7 TO WS LIREL, BT EIHE o
MO W TR B 2 ST 5 5% %, Skt =
FTHEZFRFT LoDERATWL 2 ik o7z,

COM, HROHEMENLRLELFEOLNLER
& TR 2 BE RN b 22 # D 8 s o Tl
o | THEEN 2 30Ab - A B ICR & i — Tld e v |
8 4 OB OARDLAH R A BLRE L 72565006 23 5 HIl i &
DLKYTH D] Loz bDTHo720 —HIKKD
A YN=R WS BEE [FY) ¥ v TR MO MG
N ED S BIGe A 03H 5 | [EEL - FHIZ s 5 o
CAT X DATE) - EERICBU B BMEEE L [ SR Rk -
FHDN & DIEE TS 5 O TR T 2 IR 252
Bl bl Lol BEZ RdNiz, 29 L3t
BZ ROV TR, FEE CIZZo—hd Rt S h
HZllhol

INBHITMZT, TG4 DK Cro Ik, KEDHE
L7z Toorey K& 3 AC, fiidFict+aicidd LIk
Motz ULMZHMER, REETEEIFICo v
TELICELRL, mXP e LTHATL. &9 LR
B o, A#EIZ, TG TEEHSBROMEL L %2E
b¥T, EFHLGO ] CHT2E 2%, FEH
W B L 72 B O FE DT 4, TDSHRIZHEEKL T
EHMROFANOFEONLFTEREVE, 23R
DB TE RS L o/ eEX TS, I
(2, HREHTO WS BINE D 5 IEAENO B 7R



On the ICRP Publication 138 “Ethical Foundation of Radiological Protection System” —Developing Process and Its Outline— 21

Table 1
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Table 2 Contents of ICRP Publication 138 “Ethical foundation of radiological protection system.”
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Fig. 1 The four principles by BEaucHamP & CHILDRESS and three principles of Belmont Report of bioethics, and four core ethical

values identified by ICRP Publication 138.
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Outline of the Latest Analysis of Radiation Epidemiological Study among UK National Registry for Radiation Workers
(NRRW)

Shin’ichi Kubo*!* Akemi NisHipg,*' Keiko YosHimoTto,*! Hiroshige Furuta*! and Shin Saigusa*!

In August 2018, the latest analysis of the UK National Registry for Radiation Workers (NRRW 3rd update) has been
published. The NRRW studies have been published almost every ten years since the first analysis (1992). The series of NRRW
aimed to analyse cancer risk from low dose occupational radiation exposure. This latest analysis is the study using third
analysis data and an additional ten years of follow-up information, but did not include additionally dosimetry information. As
the set of ten years lag period, only the risks of cancer were analysed, but excluding leukaemia risks owing to its lag period as
two years. The same statistical methods were used in the series of NRRW study. This review provides an outline and summary
of the key points of NRRW 3rd update. We denote introduction in chapter 1, summary in chapter 2, comparison with previous
studies and other studies in chapter 3, discussion about results in chapter 4, meaning and limitation in chapter 5 and conclusion

in chapter 6.

KEY WORDS: low dose radiation, radiation risk, cancer, cohort study, epidemiological study.
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Wil CTHIRT 5AH, NRRW TR o e iz & 1 i
MR RER, BGNEPRRLHEEZRHL WS, £
HCIRBIEE T, BB AF AT (NRRW 3rd), 4
il (NRRW 3rd update) & &R 10 F & FEH L,
WA RE & 72 > TV B2, MRNT R R, IR
DV CIEHT N R 0 4, S HNL 10 EDHE o T
W37, HEBEOBIZIZEFEEEZET 5,

IXY b
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2. SECRET, BEMITER

Tables 2, 312, Fij [l J O 4 |nl O 58 T AT il K & OV
BT R OPK 2 R L7z KFUEIME L & HITHE
Bm$ % ERR/Sv & 90% EHEX [ (CD) Z/RLTw5b,
B, S OB TIZEIE, FEPAZHRE LTWE
Wiz, EIZED LD o7,
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Table 1 The comparison of methodology and cohort member characteristics between NRRW 3rd and NRRW 3rd update.

NRRW 3rd® (2009)

NRRW 3rd update " (2018)

Cohort

Army (AWE, MOD, UKAEA, Rolls Royce Submarines) n = 107,415 (63%) Followed to NRRW 3rd

Electronic (British Energy Generation and Magnox Electric) 7 = 16,550 (9%)
Nuclear fuel cycle (British Nuclear Fuels Ltd) n = 40,284 (23%)

Others
Radiation dose category 0—, 10—, 20—, 50—, 100—, 200—, 400 + mSv
Adjusted variables

Lag (year) 2 years for leukaemia, 10 years for others
Population n=174,541" (lag 0 years)

Total death n=23326"

Total person-year 2,430,000 person-years b

Mean external dose 24.9 mSv*

Follwed to NRRW 3rd

Attained year, Sex, Calendar period, Industrial classification, First employer Follwed to NRRW 3rd

10 years leukaemia was not analyzed.
n=167,003" (lag 10 years)
n=342819"

3,684,391 person-years °

253 mSv®

* Under 0 year lag assumption.

® Under 10 year lag assumption.

Abbreviation

AWE: Atomic Weapon Energy

MOD: Ministry Of Defence

UKAEA: United Kingdom Atomic Energy Authority
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Table 2 ERR/Sv and 90% CI of mortality by causes of death.
NRRW 3rd® (2009) NRRW 3rd update ” (2018)
Cause of death Number of ERR/Sv* (90%CI) Number of ERR/SV* (90%CI)
deaths deaths

All causes 23,326 0.145 (0.00, 0.3) 34,819 0.173 (0.05, 0.30)
All neoplasms 7,812 0.268 (0.01, 0.55) 11,770 0.243 (0.03, 0.48)
All malignant neoplasms 7,684 0.279 (0.02, 0.56) 11,641 0.27 (0.05, 0.51)
All solid cancers 10,779 0.238 (0.01, 0.48)
All malignant neoplasms ex leukaemia 7,455 0.275 (0.02, 0.56) 11,329 0.285 (0.06, 0.53)
All malignant neoplasms ex lung, pleura and leukaemia 5,118 0.323 (0.02, 0.67) 8,114 0.366 (0.11, 0.65)
Stomach 518 0.336 (-0.51, 1.58) 659 0.274 (-0.47, 1.34)
Rectum 303 1.687 (0.19, 4.12) 472 1.716 (0.42, 3.61)
Liver 89 0.80 (—1.19, 8.28) 195 1.61 (-0.04, 6.18)
Larynx 67 4.071 (0.57, 12.02) 93 2.588 (0.11,7.63)
Trachea, bronchus and lung 2,230 0.106 (-0.35, 0.67) 3,058 0.028 (—0.38, 0.51)
Pleura 107 1.311 (-0.87, 5.69) 157 1.057 (-0.96, 5.21)
Uterus 19 17.805 (<-1.93, 72.27) 30 7.002 (<-1.93, 31.5)
Ovary 18 <—1.929 (<-1.93, 89.13) 41 10.571 (<-1.93, 69.9)
Bladder 301 0.40 (—0.64, 2.07) 447 1.489 (0.28, 3.19)
Lymphatic or haematopoietic incl leukaemia 612 0.655 (—0.28, 1.97) 874 0.693 (-0.10, 1.74)
Non-Hodgkin lymphoma 237 0.777 (-0.50, 2.88) 353 1.307 (-0.05, 3.31)
Multiple myeloma 113 1.195 (-0.88, 5.96) 175 1.496 (-0.21, 4.8)

* Significant ERR/Sv and 90%CI are shown in bold font

Table 3 ERR/Sv and 90% CI of incidence by cancer site.

NRRW 3rd* (2009)

NRRW 3rd update ” (2018)

Cancer site Number of ERR/SV* (90%CT) Number of ERR/SV' (90%CT)
cases cases
All neoplasms” 11,996 0.302 (0.08, 0.54) 21,842 0.332 (0.15, 0.52)
All malignant neoplasms® 11,165 0.281 (0.06, 0.53) 19,816 0.271 (0.09, 0.47)
All solid cancers” 18,214 0.221 (0.03, 0.42)
All malignant neoplasms ex leukaemia® 10,855 0.266 (0.04, 0.51) 19,296 0.283 (0.10, 0.48)
All malignant neoplasms ex lung, pleura and leukaemia® 8,443 0.305 (0.05, 0.58) 15,637 0.278 (0.07, 0.5)
Stomach 618 0.305 (-0.44, 1.37) 846 0.2 (-0.42, 1.05)
Rectum 586 1.307 (0.21, 2.85) 1,115 1.084 (0.23, 2.2)
Liver 86 —0.09 (<-1.93, 6.58) 206 0.2 (-1.50, 3.43)
Larynx 165 0.839 (-0.46, 3.05) 253 0.128 (-0.81, 1.66)
Trachea, bronchus and lung 2,222 0.051 (-0.41, 0.62) 3,263 0.13 (-0.28, 0.61)
Pleura 190 1.354 (-0.71, 5.51) 396 2.4 (0.48,5.22)
Non-melanoma skin caner 326 1.497 (0.23, 3.4) 5,460 0.797 (0.40, 1.24)
Uterus 58 10.523 (0.27, 39.4) 104 5.366 (<—1.94.26.2)
Ovary 15 <-1.934 (<-1.93, 61.13) 61 8.265 (1.12, 34.85)
Bladder 748 0.646 (-0.15, 1.72) 1,158 0.914 (0.16, 1.88)
Lymphatic or haematopoietic incl leukaemia 831 1.344 (0.34, 2.67) 1,614 0.919 (0.22, 1.78)
Non-Hodgkin lymphoma 305 1.284 (-0.18, 3.53) 707 1.261 (0.24, 2.63)
Multiple myeloma 149 3.597 (0.77, 8.94) 277 2.806 (0.76, 6.13)

* Significant ERR/Sv and 90%CI are shown in bold font
® Exclude non-melanoma skin caner
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ARESCTHRY 1 ¥ 572 LSS, INWORKS BLAL o fiff
78, NRRW O 1 [FIfFIT>, 55 2 N>, 545 3 WY,
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Dose Effect) ”, 15 2>E#EAT 'Y, KE (HF B HH
EEARE Lo 7 —Vihn) 'Y, oRE 57 s it i
)P, 75 AR A F s R E LTI
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1) NRRW % 1[0, % 2 [Alf##T

FHALE 2 B < EASAICB VT, BEIETHEDYE 1
SR FFICHIIML, MRNEEHXEZEB L Two, 41
HTEAEECTRRLSSHARGMRE L0722 LIZEH

XA o722 & —HTH S5, MiEEmakd
PAEORESEEN EFH L TWE, ZoM, HaA,
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EWIZKY, AEEEEZ->TWS (HAR:029 (-0.81,
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NRRW 3rd update & b JFAA @ ERR/Sv (S DFEIA & M
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B % B < &2 A OB T3 10877 A &

Table 4 The comparison of ERR/Sv with other studies.

All cancers excluding leukaemia

Stomach cancer Liver cancer Lung cancer

No. Study Observed Observed Observed Observed
ERR/Sv (90%CI) ERR/Sv (90%CI) ERR/Sv (90%CI) ERR/Sv (90%CI)
deaths deaths deaths deaths
1 NRRW lIst” 1,435 —0.467 (-0.12, 1.20) ™ 139 —0.126 (-1.20, 2.13) 20 —0.196 (<-1.96, 12.83)* 491 0.124 (-0.80, 1.52)*
2 NRRW 2nd” 3,020 0.086 (—0.28, 0.52) 255 —0.032(-0.95, 1.49) 43 0.60 (<-1.95,9.67)** 959  —0.11 (-0.72,0.72) *
3 NRRW 3rd? 7,455 0.275 (0.02, 0.56) 518 0.336 (—0.51, 1.58) 89 0.80 (-1.19, 8.28) 2,230 0.106 (-0.35, 0.67)
10,885 0.266 (0.04, 0.51) 618 0.305 (~0.44, 1.37) 86 ~0.09 (<~1.93, 6.58) 2,222 0.051 (-0.41, 0.62)
4 NRRW 3rd update” 11,329 0.285 (0.06, 0.53) 659 0.274 (-0.47, 1.34) 195 1.61 (-0.04, 6.18) 3,058 0.028 (-0.38,0.51)
19,296 0.283 (0.10, 0.48) 846 0.2 (-0.42, 1.05) 206 0.2 (~1.50, 3.43) 3,263 0.13(-0.28 0.61)
5 J-EPISODE” 1,326 0.29 (-0.81, 1.57) 218 —0.20 (-2.94, 2.55) 138 3.89 (-0.46, 10.34) 319 0.94 (-1.24,3.90)
6 15-country'” 5,024 0.97 (0.27, 1.80) 347 0.49 (<0, 3.92) 62 6.47 (<0, 27.0) 1,457 1.86 (0.49, 3.63)
7 US (Pooled) " 10,877 0.14 (—0.17, 0.48) 3,514 0.069 (—0.43, 0.66)
8 US (NPP)"? 368 0.506 (—0.21, 4.64) ™ 16 19.50 (-2.23, 141) 125 0.246 (<-2.51, 8.44)
9 France ™' 2,312 0.34 (—0.56, 1.38) * 98 4.02 (<0, 13.74) 80 1.71 (<0, 8.47) 585  1.20 (—0.63, 3.55)
10 Canada " 468 1.20 (—0.73, 4.33) 174 3.13(-0.45,10.4)

Italic denotes the results of incidence.
*1. All cancers.

*2: Liver and gallbladder.

*3. Trachea, bronchus, lung, pleura.

4 .
*4. Solid cancers.
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Fig. 1 Relative risks of mortality by duration of employment
with Japanese cohort.
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Fig.2 Treatment of internal exposure period and predicted results in NRRW.
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BIEZL DR VEDERR/Gy 12072 TH D720, 255
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UToLtBYTHb,
104E 028 (0.06, 0.53)
154 027 (0.03, 0.53)
204F 035 (0.08, 0.65)

axr b

IARC 2 & % 15 22 EIEDS A G, INWORKS JEDSA
WL, T T ADMERHIEF L, HAROBHE
FARA Y TR RINATR % %132 & ERR AYHLEH

WIS A EMAVRENT WS AY (Table 5), AL T
110 4E00 5 15 SEDFRGAHEME 1R o TV iRV, 2D
JEIR 1 NRRW LAY O AT T3 R I o N4E % 0 mSv
ELTEHED DA, NRRW AT TS 2 2 L ISR
LCWwBREMEAH % (Fig. 3)o BiE TR
BRI OFEIZHh 2D O TAETH Y, REREA
B e B2 OMEREZ L O ERR IMKAEMNCRE L,
COFER ERR/SY O EAKE %% (Fig. 4)o RHFEM
BEORPVICEVBEA T T —2BEHTL75r—2AbdH D
B, BENOFGIIV R, BE TR EZEET 5
ERRBIE YA L, ERR O X 3B HK O A
AW E BB EOBRVEAVICL > TIESN D,
IR BT 2 NMEZ BRI REDE ) o Todk
WL 0 L EERIIIR L TV, BEDNEER
ALTWAHENZ VL) THDH, THIHROERE
b LTSN CEN—~ETHD I EDbhM)RT
SV—HTHLWUREEIEZ NS,

5. MEFHICL AR

PEFAERE 0-9, 1029, 30 4FEDL RICIX 4 L CRlis
BUSM R 72354, 128 A E DRI BV THREEH & Ak
DRERDFFHNTz0 HINIE % B 2725A D ERR/Sy 132
TOEBYTHA,

PEFAERGEERT  0.28 (0.06, 0.53)

PEFAERENER 037 (0.09, 0.88)

axX v b

— M R & AR S IIE OB (R oRE Wy
HFBIEROEFEREHT S, oSV hesd
ROWRFERORBRL LTRVWRERBREZAHTS) 7D
5 EE R HbND. FIMLGZ K 4H A D ERR/SY @ 1
EMDPEFAER O TIE T 30% B L 72 2 & 13 BRRHE
(=HEFAER) LREKREOADHME, T4bbEiE
B BIF 5 HWSE OfFfE2 /" LT\ 5 (Fig. 5). 15
EFHY, HAROEH? TIIHEFER DI ERR/

Table 5 ERR/Sv and CI for various lag assumption.

Lag 15-country study >’ INWORKS™ France "’ J-EPISODE*”
(year) Circulatory diseases Circulatory diseases Solid cancers All cancers ex leukaemia

0 —0.04 (-0.85, 0.89) 0.80 (0.15, 1.46)

2 —0.14 (-0.53, 0.32) 0.09 (-0.03, 0.22) 0.05 (-0.78, 1.00)

5 —0.02 (—0.46, 0.48) 0.13 (0.004, 0.27) 0.14 (-0.71, 1.12) 1.10 (0.40, 1.80)

10 0.09 (-0.43, 0.70) 0.22 (0.08, 0.37) 0.34 (-0.56, 1.38) 1.20 (0.43, 1.96)

15 0.48 (-0.23, 1.31) 0.29 (0.13, 0.46) 0.36 (-0.63, 1.50) 1.27(0.39, 2.15)

20 0.30 (0.12, 0.49) 1.58 (0.45,2.72)

95%CI for 15-country study, 90%CI for other studies.
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= Cumulative
Lag =0 I dose
Time
Cumulative
dose
Lag = 10
(Other than NRRW) Time
10 years (Included in analysis as 0 mSv)
Cumulative
Lag = 10 dose
(NRRW)

Time

10 years (Excluded from analysis)

Fig. 3 The comparison in methodology of person-year
calculation and radiation dose accumulation between
NRRW and other studies.

ERR by dose category ERR/Sv
\ /
ﬁ-—-gj'
B I“ al
= 4—,
=

Cumulative dose

Fig. 4 ERR/Sv increases by lag assumption. Circles denotes
ERRs by dose category. ERRs by dose category move left
due to decreasing cumulative dose by lag assumption.

Sv xR & {WInX 7, HILK % K { 42%A @ ERR/SY
& 90%CI % Table 6 12777

6. TEBRET

B Z IR E L7255 @ ERR/Sy I Table 3 1275 L
72EBYTH D, BBIZOWTHIEE L MO 5T
biLTwb,

W TOFTREZ, JECIRNT & 22 ) BT C

FFEALREPAON Doz, 7272 LRI 042

(70.13, 1.12) 5 0.71 (0.06, 1.55) & HEZIZEH W
ERR/Sv Z7R L, #lZIERTF ) o5EIX 1.26 (0.24,
2.63) NOHBETIEIRL ol

Mortality decreases with cumulative
dose increasing.
It suggests HWSE in high dose group.

Generally, cumulative dose has
positive correlation with
duration of employment.

@ = o

Duration of
employment

O
Mortality

Cumulative dose
(=Duration of employment)

Cumulative dose

Adjustment for duration of employment increases ERR/Sv.

Fig. 5 Adjustment for duration of employment increases
ERR/Sv by HWSE in high dose group.

WEHHIZ OB B HEFEE BRI L7206, FILE % B
CAHAD ERR/SY 1% 0.28 (0.10,0.48) 705 0.62 (0.25,
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Y5 D B IV ERR/SY &R L7z

HEFHAE RO B IZ H G % B < 275 A D ERR/SY &
0.28 (0.10, 0.48) 75 0.34 ([ZHEIN 7245, FIUMLIRE - fili -
Ml 2 B < DA TIEEEDS A LNk o7z HIRE
Gt YNGR TIE ERR/SY 50.92 (022, 1.78) #*
LA LAEETIERL Bl

axX vk
JE AR I Y S S AL ET 0 326 Bl 5 5,460 B & K
BN U720 BUIEENT £ ClE, WO THA L7 ADIE

BB E A DAL, WO OMADFLEFHFSI T
w&w%A T OB A IR IR ASA T L2 E D

WCIERGEREFA L LTI TV SN0
update TR D TIA L 72D ADIERAOER YA DY
B ETHRMERESA L L TR SNz, ERNRD
KIEZ2BEME IO LIZREKT 2 L Bb b, ERR/SY
EHT I 1.497 (0.23, 3.4) » 5 0.797 (0.40, 1.24) &
MAEEMIR 0 L o 7208, BERMIEL 2olz7z
OB EA b BEE EDICHECHWMTS) A Y
He@ AR STz,

7. ERGCRUERAR
EBAL BUAARAT O FER 7 45 FL 1, Tables 2, 3 1278 L 726

Table 6 ERR/Sv and 90% CI before and after adjustment for duration of employment in

study of 15-country and Japan.

Study

15-country study '” J-EPISODE”

Before adjustment for duration of employment
After adjustment for duration of employment

0.31(-0.23,0.93) 0.29 (0.81, 1.57)
0.97 (0.27, 1.80) 0.83 (-0.42,2.32)
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Review on the Gross Beta Activity in Rainwater Observed throughout Japan in 1954

Norio Tsunmmura*!#

Rainwater containing radioactive materials originating from the USA’s nuclear weapon test conducted at Bikini Atoll was
observed throughout Japan in 1954. It has been reported that the maximum gross beta activity observed at that time in Kyoto
was 523 pCi/mL (19,000 Bg/L). This measurement, however, focused on the gross beta activity contained in a small amount
of rain sampled at the beginning of rainfall, which is different from present observations that are based on the average gross
beta activity contained in rain collected during a 24-h period. As a result of reviewing and converting the 1954 data to be
equivalent to current measurement, the maximum value was reduced to 50 pCi/mL (1,800 Bq/L), with a resultant surface
deposition density of 310 mCi/km? (11,000 MBq/km?). These values are well below 1/10 of the past maximum observed a few

days after China’s fifth nuclear weapon test in 1966.

KEY WORDS: nuclear weapon testing, fallout, rainwater, gross beta activity, Geiger Miiller counter.
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BB D WT, ST OFLIR R YR O BEKRLER % 5
ZIZ, TOWEIERFIIH LT 2 5L&M4ETDH OhE
BEEREUCAHIS T 5 M Co b ona B L, it e
RIS TOMEIZ, S SITHEKE % Fe U CHAL IR
W72 OPSTREIIRE T B0 WTHOBIND, KRR
WREICHET 2SO L Y 2 —) o TRASTn
BHREMNLRDOT, oAy v Medr & e
O f % &t WA SN GM EHEE 1, e
RLRIEEMED LT L b o TW A DI TIERWAD, 20
FAHEGE (7.5 ~20%) (ZEENZEHICH L, 207k
B, TSRS S NIz Y v Mg & URE
DEEZDOFEFH NS, B, AFTIE, BB
FRICHDE, cpm/L, pCi/mL K" mCikm® &\ 72 HifiL
ZOFFEMMT L5, LIS U T, BRERSHRT—
FR— 2B SN/ BRE R UHAL (Bg/L & U MBg/
km®) TOfli b FElHE & THLT %,

m #% S

1954 4F 5 HICHUHER, KB, WO R OVFRIE, 459 A
I CREI S N7k 4 B IiGTRE L, & & R
BUSHI M3 2 M8 S tF oMK O KR % 6 U C HAT
A4 720 ORI RIS L 7245 K % Table 1 12719
DF, ZNZFNoiEMiconTitid b, B, 22
T, SHOBHNE, S HSHIICT AU AERENEF =
BREECHEM L2 EBRIC X B0 — 75, 9 HOBMNIZ, #
TS N7 O RE O W R 2 L O 1) & 22 5 BV O JRAT
59H 13~ 16 HIZIAY ¥ bik& ERILMEHIRA
TEBEINIBERICE D b0 LR SN Tz,
UNSECEAR &R " I2XhiE, £IN5F Y A7 TD
MIEBROFEEIT 9 H 29 HELE (10 HKET) 3T
BY, BUHETEDR DRV, D20, FEEOHL
B ELGDB 50,

1. &
HEKFONFH SV E, 275 m O =—)b
VMo ZEWAKD D B, D LI EEKET
025 mm MY OEE (F700mL) ZFOE - —I(2,
BOZNOKRERE—F =20 TRLL, 2275
GELL 72K D W TR RB I E & FEdE L 7o & O
2, 5 H 16 H 23:00 D B D 458 O A 5 86,760 cpm/L
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Table 1 Gross beta activity in rainwater observed during May—September 1954 in Kyoto, Osaka, Tokyo, Shizuoka,

and Yamagata.

Gross P activity at

Gross B activity,  Gross B surface

Measurement date Location that time Precipitation® equivalent to current deposiﬁ ion Reference
measurement density
(cpm/L) (pCi/mL) (mm) (cpm/L) (pCi/mL) (mCi/km®)

23:00 86,760 523 0.25 8,300 50 310
May16  300-7:00  KYO®© 4,980 30" 5.95 [10]
May 16-17 Osaka 2,100° 13¢ 10 2,100° 13¢ 130° [11]
May 16-17 Tokyo 3,300 17 0.5 3,300 17 8 [12]
May 17 Tokyo 32,000 160 0.5 32,000 160 80 [13]
May 20 Shizuoka 19,500 65 0.2 19,500 65 13 [14]
Sep. 22 2:00-14:00 Yamagata 63,000 150 0.3 78,000 190 75

14:00-15:30 124,000 300 0.1 [15]
Sep. 24 10:30 Yamagata 10,830 25 8.0 10,800 25 200

Night 7,000 16 0.1
*. Assumed values are underlined.
® Estimated (= 523 x 4,980/ 86,760).
¢, Digitized from Fig. 2 of reference [11].

(523 pCi/mL), 23:00 7* 5 # H 7:.00 ¥ T D [ » & 3. BE

4,980 cpm/L (30 pCi/mL) Z B L7z AiEOfElE, 4
Rl S ook E Shbh b,
[REBETORENHEY I B L, FORMEUAATO
FERiIZ VDT, 2 DB 0PI ASE KR
BOMIZHR S EHE 2 HN 5, BINRERHT OGS N7z b
Kik62mm D) b, BEDIHDORKAKEZ, LELHHH»
5 025mm, FED#RDBEORKREL, LIRPIZ 5.95
(=62-025) mmiZ%bDT, FEHHDOPLRDLY FT
DOIEIGfE, BERKREZ INEICT 5 FH12 X - T 8,300 cpm/
L (50pCi/mL) EEHENL, TR IHDOEDHK
1057D1 Thb, $72, BAEEZRELTHNSNLH
P72 ) o4 BIETREIE, 310 mCi/km® TH 5.

2. KR

KPR EERNR S (4B oS '™ i, 5 A 16 HaA
517 HIZHTFTH I A% CFEEARY) THi%L:
MOEREIZOWTHATREZMEL, # 2,100 cpm/L (£
13 pCi/mL) % it L 720 MK 04wl 2 13 2 R &
THZHIM T 2 DT, Table 1 Tl, MEFOBIAMEN & &
RIS COBIMERIZE U E 2%, F72, @XTH,
HUALTIAR 24 72 0 \ZHR 58 L 72 il, %9 21,000 cpm/m” (130 mCi/
km’) bHHETHEINTEY, Lid->THHOREK
13, 2,100 cpm/L & 21,000 cpm/m® DA S 10 mm TH -
oI NG, HALHAMY 72D D4 B S HE 130 mCi/
km’ 1&, FEBCHBIll Szl 2T &R E bR,
B, AL, B Z HAA U7 D 1A L7 (G
HHOMBHPT) HIEHE—DOIRETH %,

HEHKFOARN S, 5 H 16 ~17 HIZ, T 1 m’
DE=Z—= Ny — b+ EHWTS500mL OFRHKZHEL,
3,300 cpm/L (17 pCi/mL) O it hE % 810 L 720 2K
i & RE DA HHERE SN B BAKRIZ05mm TH Y,
HABITORKREE (0.7mm) LEANTHL, ZOH
WL, WOBVIBDZTTE R ERE/HRELZDO
EEZONLTD, Table 1 T, 4K OBIIAE & & FR
WA TOBMEIEFR U E 25, BARR:Y ) 04
SIS EEE, BEKE 0.5 mm & 17 pCi/mL 2 5 8 mCi/km’
E%be T2, BHEARFEFOIGS "D, FIAF
75t CPESAW) CHARLZHEL, s H 17 Hol
i 7C 32,000 cpm/L (160 pCi/mL) % Bl L 720 FHK D
IR - FEKE & DICESCPICIIMM SRR b 2 wnds, 22
TIEARN & OB & 7] U4th CERRNGMARY T, 2
OFEKE 0.5mm) ZEL, AN ) 048k
5fE% 80 mCi/km” L HEET o

4. FMHE

FRKFO®IN S L, Wl GFEARE) & 5%
AL TS H20 HICHIE L 225 5 19,500 cpm/L
(65 pCi/mL) D RSTREZ B L 720 BIR RISk E &
EBDI—ERICEDFLOOENTVEDS, BHOKKE
X “little” ERRENTVBDATHb. [T DKL
B LERERS CIXZOHOREKIZIZEA ER o728
DEZOLNDA, TR SN2 OB H OREKED
RAB03mm THAHI b, T, BHOREK
ARSI 02mm, 72D F A EREERIUG A 12 A Y
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TOMHKDOERTH L EINET o ZTOME, HAHA
W) D4 [ TR 13 mCi/km® EFHE S5,

5. iz

I KZFEOFT S DI, VT b4 F 3
WOBEBRICH KT 5 & SN REHHEN % 1954 49 H
WCBIHIL 720 09mx12mDOY=— )by — N THRILL 72
MK SN S zikiz, 9 H 22 H 14:00 ~ 15:30 (2
% > 72 W @ 124,000 cpm/L (300 pCi/mL) T&H Y, 5 A
16 HOFARIZHRE W CEIN 2 FFHOEIRE L S5 @
LHOBMKE RO —ERICIBAE LI TV S
25, C OB OBKREIIEMTH Y, Widmd T
BVeiEol-Z LAIRIEI NS, EPOROENH R
KEDHAH02mm THEDT, I TlE, BB
R OREAREZ 0.1 mm EIRET S, F72, FH 2:00 ~
14:00 12 B> 728 (BEK & 0.3 mm) 4 5 63,000 cpm/L
(150 pCi/mL) dBM XN TWBDT, 9 A 22 HIZk-
FeMOARIZE N LSRRI, WELH T — & O nE
¥ 5 78,000 cpm/L (190 pCi/mL) & HEE SN b, HAL
HFE Y 72 ) D4 IR, BRI OBEKE0.4(=03+0.1)
mm % % U C75mCikm* & % %, $72, ZHHEDIH
24 H 10:30 O 6 (&K & : 8 mm) % 5 10,830 cpm/L
(25pCi/mL), S HICHBEOW (BEAKE : 22H#) 25
7,000 cpm/L (16 pCi/mL) & Bl S N7z, % & O HH
TORKEZ 0.1 mm &MRET 5 & T 10,800 cpm/L
(25 pCi/mL), AEFOFEAKE 8.1 (=8.0+0.1) mm 2 5
HALTHAE 2 72 0 B HE ClE 200 mCi/km® & 72D, 9 H 22
HIDdBLLAKRE, 72, 9H2HE9IA 24 HD
T HHo&F (275 mCikm®) 1E, 5 FITHABTHIM S
NIV 5.

B, WWEE &G HAWEMTIE 10 HUREDWARS
B REASHIRE Y (B S 7z 10,

v % =

1954 4F 5 7 16 ~ 17 HAZIUHE THUM & 724 B it
HE 86,760 cpm/L (523 pCi/mL) X, FEDIRDOMICE T
NBLDIIOVWTOMTH Y, ik BUHEDERRNS:
PRI % &, BHECE T 8,300 cpm/L, HLAZ 7RG Y 72
D OJETHET 50 pCi/mL (1,800 Bq/L), ¥ 72 HUAL ifE 24
720 ¢ 310 mCi/km® (11,000 MBg/km®) & % %

SN F TIEP TR S W7o 5t sk o B R T
W X 2 RKETRE CERFRID) D fRIE, 1966 4F 12
H 28 HIZ9HE S 7z NRILFIE O % 5 [nl#4 F8R 1
£5b0T, KETOBIMY X, FE12 H30H

DB T D 910 pCi/mL (34,000 Bg/L) & 5,600 mCi/km’
(210,000 MBg/km®), BREIUGHR 7 — & R—2V 12Xk
13, [4E 12 A 30 H D4R T 760 pCi/mL (28,000 Bg/L),
BAET A 1 HOREWE T 6,000 mCi/km® (220,000 MBg/
km’) TH Do 1954 4E 5 HORIROBHEIE, ZhdD
BLOBIED 105D 1 KiiTH b, B, TDKS
BB EBR OB T WL, BRED T 2 HTHARY
BIZHELZD 0T, "Cs R Sr & v 2R
FECIE 7 BRI O ST Z O RFE D 5,
MO D125 H L7z 2 mEREUZ 1960 448 F TFF
b TBY, BEOFHBEFTLIZLIEHAINS
Uy MV4720 107 cpm ZMZ 5 L) — R L TH®D
THRWIRERERE 2 RT 7 — 7 D% 1d, T OEERI
F 723 E BRI O ST 72 7 1T SRR L 72l kA4
WS HHITH D, T ) LRI ONTIE, KK
ORI B RS UICIZ B R I3 B L oS, i
RWOFEMTH HBHEAKE 1| mm 2ET 5 2 & TS
THETH bo Blz I, ERBIUCLZ2WETHE S
o R KA, 19614510 H30 HO V¥ ME&TE
FAMEREIL ORI (Fs50 AHF M) ICE-7T, 11
H 5 HICHAE X ARG T S 728 60 17 cpm/L*,
1,820 pCi/mL (67,000 Bq/L) ***" Td %, FEAKEIZDO W
T, ] Lotk did 5 0 TEARRY 2 I H
HENRTwhw), ZZTEOLERMELTImm %
BoE L7z & LT AT Y72 ) O gL 1,820 mCi/
km’ (67,000 MBg/km®) T&H 1, Fak L7z A RIH
EOBIEERIC X 2 8B R AMEICITE L v,

vV #

®

1954 SED ¥ F BT OB ERZ BRI T - 72K
& B REDOBIINE R VIEL 25> T 225, HORKED
RO E TN LSRRI L0 o8BI & 24 KR
DN [ 7T O RE IR L7z BUE 0Bl & T
1, WKEE ORGSR %R S, 22T, #HIHOBUH
A2 EHE T 5 2 &2 HIOIZ, 1954 SEOBIAE 2 B2,
BHED HETOMENDME 2T o720 ZORAE, 1954 4F
5 S HARCTHI S 728K 523 pCi/mL (19,000 Bg/L) I3,
B 0@ R RIS & % 58 54 T, 50 pCi/mL (1,800 Bg/
L) %ol /2, BHINZHAMA Y20 OB
fiE 310 mCi/km” (11,000 MBg/km®) (&, 1966 4 12 H & th
4 N JIEHIE OB R & o TEPNTBI S 7z B2
KOMD 10 57D 1 KiliTH o720 F72, 1955 LU
5 1960 FEALIEO T TOBMICIE, VY PV D 1075
cpm W2 B X9 Z— L TG ISR & 2 Bl o i s
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Investigation of Removal Factors of Various Materials inside Houses after Nuclear Power Station Accident

Airi Mory,*»* Azusa IsHizaki,*' Akira FUTEMMA,*! Tsutomu TANABE,*?
Takao Wapa,** Mitsugu Karo** and Masahiro MUNAKATA*!

Large quantities of radionuclides were released as a result of Fukushima Daiichi Nuclear Power Station accident. It is
known that these radionuclides contaminated inside houses as well as outdoor environment. Considering the radiation
protection of residents after a nuclear power station accident, it is important to know the influence of radionuclides inside
houses to radiation dose to residents. In this study, we investigated removal factors and fractions of fixed contamination of
various materials inside houses in Okuma Town, Futaba Town, and Namie Town to assess the contamination level inside
house appropriately. Nine kinds of materials: fibers, woods (smooth), woods (rough), glasses, concretes (smooth), concretes
(rough), plastics, PVCs and metals, were used in examinations. The lowest and the highest removal factors were 23% =+ 16%
of woods (rough) and 79% + 7.7% of glasses, respectively. Removal factors of all materials were higher than 10% which is
recommended by Japanese Industrial Standard. The negative correlation was found between removal factors and fractions
of fixed contamination. Using this correlation, the decontamination efficiency, which means the ratio of the activity removed
from the surface by one smear sample to the activity of the total surface activity, was proposed. The air dose rate from the
contamination inside house was calculated using obtained decontamination efficiencies and removal factor of 10%. In the case
using the removal factor of 10%, the air dose rate derived by indoor contamination was approximately 2 times higher than the
case using obtained decontamination efficiencies. We found that the air dose rate derived by indoor contamination was much
lower than the air dose rate outside house, and the influence of indoor contamination on the external exposure was small.

KEY WORDS: removal factor, smear method, Fukushima Daiichi Nuclear Power Station accident, evacuation area, inside
house, air dose rate.
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Fukushima

5 10 km

Fig. 1 Location of houses in evacuation area. Black squares indicate houses, and white diamond indicates FDNPS.

Table 1 Materials used in examinations.

Group

Example of material Note

1. Fibers

2a. Woods (smooth)
2b. Woods (rough)
3. Glasses Glass table, mirror, etc.
4a. Concretes (smooth) Tile of bathtub

Tatami
Flooring, shelf, etc.

4b. Concretes (rough) Tile of bathtub, floor of bathroom

Flooring, top board of bay window, etc.

Painted with wax or resin
Untreated

Smooth surface without joint
Rough surface or with joint

5. Plastics Cover of toilet bowl, top board of TV, etc.
6. PVCs Floor of lavatory, floor of bathroom, etc.
7. Metals Sink, toaster
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Measurement of BG at the house |
y-ray p-ray and y-ray

GM survey meter

Collimator
B cutter Spacer
Lead block

I Measurements of materials at the house |

111

Measurements of BG or smear papers at the laboratory |

Smear paper -
P =

Fig. 2 Configuration on measurements of BG, materials, and
smear papers.
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Fig.3 Wipes with the force gauge. Wipe force is approximately
1 kg.
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Fig. 4 Removal factor (/) of each material. 1: fibers, 2a:
woods (smooth), 2b: woods (rough), 3: glasses, 4a: concretes
(smooth), 4b: concretes (rough), 5: plastics, 6: PVCs and 7:
metals. Dotted line means removal factor of 10%.
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Fig. 5 Fraction of fixed contamination (4;/4,) of each material.
1: fibers, 2a: woods (smooth), 2b: woods (rough), 3: glasses,
4a: concretes (smooth), 4b: concretes (rough), 5: plastics, 6:
PVCs and 7: metals.
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Fig. 6 Recovery rate of contamination. 2a: woods (smooth), 2b:

woods (rough), 3: glasses, 4a: concretes (smooth), 4b: concretes
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Fig. 7 Relationship between total surface activity (4,) and removal factor (F). 2a: woods (smooth), 3: glasses, 4b: concretes
(rough), 5: plastics are in the left figure, and 2b: woods (rough), 4a: concretes (smooth), 6: PVCs and 7: metals are in the right
figure. The range which contains the measurement data of each material was colored.
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Fig. 8 Relationship between removal factor (/) and fraction
of fixed contamination (4;/4,). 2a: woods (smooth), 2b:
woods (rough), 3: glasses, 4a: concretes (smooth), 4b:
concretes (rough), 5: plastics, 6: PVCs and 7: metals.
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Fig. 9 Relationship between removal factor (F) and
decontamination efficiency (D). 2a: woods (smooth), 2b:
woods (rough), 3: glasses, 4a: concretes (smooth), 4b:
concretes (rough), 5: plastics, 6: PVCs and 7: metals.
Black line indicates a theoretical formula of relationship
between removal factor (/) and decontamination efficiency
(D) assuming that removal factor (£) and fraction of fixed
contamination (4,/4,) are in proportion.

Table 2 Median of the assessed surface contamination
inside house in Okuma Town (Bg/cm’). Case 1 and Case
2 mean the surface contamination calculated by using
decontamination efficiency and 10% removal factor,
respectively.

Number of samples Case 1 (Bg/em®) Case 2 (Bg/cm?)
Floor 76 4.2 7.5
Wall 38 0.069 0.16
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Fig. 10 Layout of the house which simulated air dose
rate. Air dose rates were calculated for every mesh of
25 cm % 25 cm at 1 m height in room 1 (12 m’), room 2
(16 m®), and room 3 (20 m®). Dots indicate measurement
points.
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Fig. 11 Distribution of air dose rate (uSv/h) inside house
at 1 m height. Case 1 and Case 2 mean the air dose rate
calculated by using decontamination efficiency and 10%
removal factor, respectively.

Table 3 Average of air dose rate of each room (uSv/h).
Case 1 and Case 2 mean the air dose rate calculated by
using decontamination efficiency and 10% removal factor,
respectively.

Floor area (m”)  Case 1 (uSv/h) Case 2 (uSv/h)

Room 1 12 0.050£0.0088  0.091+0.016
Room 2 16 0.053+0.0091  0.096 +0.016
Room 3 20 0.054 +0.0092  0.098 +0.017
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The International Commission on Radiological Protection (ICRP) internal dose assessment model, currently adopted in
Japanese regulation, assumes uniform distribution of radionuclides in bone marrow blood (ICRP Publication 60). Recent
studies have revealed a localization of hematopoietic stem cells (HSCs) and immune cells in the perivascular region of the
bone marrow sinusoids, suggesting a need to consider nonuniform distributions of the blood source and HSCs. To evaluate
energy transfer to HSCs, a simplified model of cervical vertebrae with bone tissues and blood vessels was built using
data from the adult Japanese male phantom. Doses absorbed by HSCs from blood and hard bone sources were calculated
using a Monte Carlo simulation, and absorbed fractions (AFs) and specific absorbed fractions (SAFs) from electrons were
compared with those in the ICRP 1990 model. In the cervical vascular model, electron SAFs from sinusoidal blood in the red
bone marrow (RBM) to the target perivascular region were 1.2 to 6.9 times higher than the SAF in the ICRP 1990 model,
suggesting an underestimation of the RBM dose. Electrons from the cortical bone source to the perisinusoidal target exhibited
energy transfer. The ICRP 1990 model underestimates electron SAFs from radionuclides in sinusoidal blood and cortical
bones. A more elaborate model is needed to examine doses for the RBM and effects on hematopoietic and immune functions.

KEY WORDS: ICRP internal dose assessment, absorbed fractions, specific absorbed fractions, PHITS, red bone marrow.

I INTRODUCTION

The International Commission on Radiological Protection
(ICRP) model currently adopted in Japanese regulation
(ICRP Publication 60, referred to hereafter as the ICRP 1990
model) Y postulates a uniform distribution of the blood source
to organs in the body, including the bone marrow, based on
the assumptions in ICRP Publication 30.” According to Part
1 of ICRP Publication 30, transformations occurring in the
transfer compartment are assumed to be uniformly distributed
throughout the whole body. Also, in a mathematical phantom
based on the Medical Internal Radiation Dose method and
used in the calculation of the photon specific absorbed fraction
(SAF), each bone tissue is distinguished in its anatomical
location only by weight, without any regard for its internal
structure. As a result, it is assumed that the bone marrow and
hematopoietic stem cells (HSCs) are uniformly distributed
throughout the bone region.?

Further, it is assumed that all the electrons from
radionuclides in a source organ are absorbed to the source
organ, except for organs with walls and the skeleton. For other
areas, body tissue (the tissue of the whole body, excluding
the contents of the esophagus, gallbladder, and bladder) is
used as a surrogate for the blood source, and the electron
absorbed fraction (AF) is defined as a ratio of the mass of the
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target organ to the mass of the whole body.” The SAF that is
obtained by dividing the AF by the mass of the target region
of electrons from body tissue is defined to be 1/68.831 kg™,
which means electron SAF of the blood source is 1/68.831 kg
in any organ other than specific source and target combinations
in the respiratory tract and the skeleton.”

However, recent studies have revealed that HSCs and
immune cells concentrate around the endothelium of bone
marrow blood vessels.? Hematopoietic niches in the bone
marrow have been considered to involve osteoblastic cells,
endothelial cells, or stromal cells, but more recent studies
using genetically modified mice have strongly supported
a perivascular niche theory, with the niche consisting of
mesenchymal stromal cells and endothelial cells. ® It has
been reported that 85% of HSCs are located within 10 pm
of the bone marrow sinusoids.” In mouse studies, the HSCs
that were distinguished by a signaling lymphocytic activation
molecule family constituted only a very small portion of the
bone marrow cells (24 out of 488,400)'?; the number of HSCs
within a mouse is estimated at ~0.01% of the bone marrow
cellularity.'” If such scarce HSCs were localized around the
sinusoids, doses from radiation emitted by radionuclides
decaying in the blood, especially doses from electrons, could
be underestimated by the ICRP 1990 model, which assumes
a uniform distribution of the blood, bone marrow, and HSCs.
It is thus necessary to evaluate energy transfer to the bone
marrow stem cell layer using a model that considers the
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detailed internal structure of bone tissues.

According to the dose estimation model based on the
ICRP 2007 recommendations (ICRP Publication 103,
referred to hereafter as the ICRP 2007 model),'”” blood is
allocated according to the mass of blood in each organ, and
electron SAFs are calculated by a Monte Carlo code using
a computational phantom. However, skeletal tissues cannot
be geometrically represented in the computational phantom,
which only identifies the cortical bone, medullary marrow, and
trabecular spongiosa. The trabecular spongiosa is a mixture of
the trabecular bone as well as the active and inactive marrow,
and the absorbed dose is calculated by the sampling algorithm,
based on the proportion of each component.'> Thus, the ICRP
2007 model assumes a uniform distribution of the blood and
HSCs. And even in a study that utilized micro CT images to
recreate the cortical bone, trabecular bone, and active bone
marrow within a phantom, no consideration was given to the
blood vessels in the evaluation of electron SAFs."

Also, in the ICRP 1990 model, AFs for radionuclides in the
hard bone are given specific numerical values, according to
Table 1 in ICRP Publication 30. When a bone-seeking nuclide
is deposited on bone surfaces, it is distributed equally in the
cortical and trabecular bone. When the nuclides move into the
bone volume, they are distributed to the cortical and trabecular
bone according to their proportions in the bone, that is, 0.8
for the cortical bone and 0.2 for the trabecular bone. The AF
for electron sources in the cortical bone to the RBM target is
assumed to be zero.

To evaluate the dosimetry from the blood and cortical bone
sources to the bone marrow stem cell layer in the ICRP 1990
model as well as in the ICRP 2007 model, a simplified model
of bone tissues and blood vessels was built using the data
of the Japanese phantom (JM-103).'"Y Then energy transfers
from the blood and cortical bone sources to the perivascular
region of the RBM were calculated using PHITS code'® and
were compared to the electron AF in the ICRP 1990 model.
To address the proportion of energies deposited from the
source region with a nonuniform distribution to the target
region of the perivascular stem cell layer, absorbed doses in
the perivascular region were compared among three different
source regions—in the blood in the RBM sinusoids, in all of
the RBM, and in the whole bone.

To evaluate the extent of the effects of major nuclides in
the actual exposure dose assessment, electron SAFs were also
calculated from the short-lived iodine isotopes iodine-131 ('),
iodine-132 (**2I), and iodine-133 ('*1) in the blood source and
from long-lived strontium-89 (*Sr), strontium-90 (*’Sr), and its
progeny, yittrium-90 (*°Y), in the cortical bone source.

II METHODS

2.1. Overview
A comparison between the ICRP 1990 model, the ICRP
2007 model, and the present study is shown in Table 2.

2.2. Building a simplified model of cervical vertebrae
with bone tissues

To overcome the limitations of the ICRP 1990 model, which
assumes a uniform distribution of nuclides, a simplified model
of cervical vertebrae (hereafter called the cervical vascular
model) was built using data on masses of bone tissues and
blood from the Japanese phantom, JM-103.'> This data was
used because the weight of bone tissue and blood for each part
of the bones was described in detail. Assuming the vertebral
column length to be approximately three-tenths of 171 cm—the
height of the JM-103—and the ratio of the cervical, thoracic,
and lumbar spine to be 2:7:3, the cervical vertebrac were
modeled as a 9 cm high cylinder with an internal lattice
structure consisting of the trabecular bone, bone marrow, and
blood vessels (Fig. 1). As the proportion of blood contained in
each bone tissue was not available, proportions shown in [CRP
Publication 89'? were used, where blood distribution to the
bone tissue and the RBM was 7% and 4%, respectively, of the
total blood. The mass of the RBM blood was thus determined
to be 13.5% of the mass of the RBM (Table 3). The weight
of blood in the RBM of the cervical vertebrac was calculated
as 6.09 g (13.5% of the bone marrow weight of 45.1 g), and
the inner diameter of the blood vessel was calculated from the
height (9 cm) and the number of blood vessels as a cylinder.
As anatomical information on sinusoids is only available for
mice,” blood vessels were modeled into cylinders arranged
at equal intervals using a lattice structure, and they were
analyzed for 25, 49 and 121 blood vessels by changing the
inner diameters.

The internal radius of a blood vessel was determined from
the mass of the blood, while the volume was calculated from
the total mass of the cortical bone, trabecular bone, and
soft tissues of the cervical vertebrae. These structures were
arranged around the cervical vertebrae, assuming a neck
circumference of 38 cm.'"® Material densities were set as
1.623 g/cm?® for the bone and 1 g/cm® for the bone marrow,
soft tissues, and blood. Although the central part of the bone
marrow contains arteries and veins, all blood vessels were
simplified as sinusoids, due to the use of the lattice structure.
Also, because the estimation involved the blood source in
the RBM, only blood in the RBM was considered, excluding
blood in the cortical bone and trabecular bone as well as all

Table 1 Electron AFs from the hard bone sources to the RBM in ICRP Publication 30.”

Source organ Target organ

B emitter uniform in B emitter on bone surfaces [ emitter on bone surfaces

volume E, = 0.2 MeV E;<0.2 MeV
Trabecular bone Bone surfaces 0.025 0.025 0.25
Cortical bone Bone surfaces 0.015 0.015 0.25
Trabecular bone RBM 0.35 0.35 0.5
Cortical bone RBM 0 0 0
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ICRP 1990 model

ICRP 2007 model

Present Study

Type Mathematical phantom

Identified bone tissues None

Blood as the source organ in Uniformly distributed in bone

the bone
RBM as the target organ Uniformly distributed in bone
HSCs Uniformly distributed in bone

SAF of body tissue (1/68.831 kg ')*
is used as a surrogate

Electron SAF (blood source
to RBM)

Electron SAF (blood source
to perivascular region)

Electron SAF (cortical bone
source to RBM)

Electron SAF (cortical bone
source to perivascular region)

Computational phantom
Cortical bone, medullary marrow,
spongiosa

Uniformly distributed in RBM

Distributed in marrow cavities

Uniformly distributed in bone
marrow

Calculated by a Monte Carlo
simulation and sampling algorithm

Cervical vertebral model

Cortical bone, trabecular bone,
RBM, blood vessels

Distributed in blood vessels in
RBM

Distributed between trabecular
bone and blood vessels

Distributed in perivascular region

Calculated with the cervical
- vascular model by a Monte Carlo
simulation

Calculated by a Monte Carlo
simulation and sampling algorithm

Calculated with the cervical
- vascular model by a Monte Carlo
simulation

*1/mass of total body tissue excluding contents of walled organs

other soft tissues in the RBM. (Thus, the blood source in the
cervical vascular model is essentially the sinusoidal blood in
the RBM.)

2.3. Simulation of the electron transport through
PHITS code and calculation of the AFs and SAFs

Based on the proposed model, the electron transport was
simulated using a Monte Carlo method utilizing PHITS code
ver. 291 as well as the EGS5 code,”” and confirmed using
PHITS code ver. 3.02. The source region was defined as the
blood in the RBM and the cortical bone, and the target region
was defined as the sinusoidal endothelium of the RBM blood
vessels and of the perivascular region where the HSCs were
localized. The perivascular region was set as an area with a
thickness of 0.01 cm from the inner surface of the sinusoidal
endothelium. Electrons were uniformly generated in the source
region, and energy absorbed per decay in the target region
was calculated using t deposit tally in MeV/source to obtain
electron energies deposited to each component of the bone
tissues. Electrons were generated at 12 discrete energy points
ranging from 0.05 MeV to 2.4 MeV. The number of trials in
simulation for each settings were at least 10,000 times, with
statistical errors in the target region generally lower than 0.05.
The bremsstrahlung was considered as it is calculated using
EGS mode for transportation of photons and electrons so that
the bremsstrahlung photons are generate automatically. The
AF was calculated as the fraction of the energy absorbed in
the target region against the energy released, and the SAF was
calculated by dividing the AF by the mass of the target region.

2.4. Comparison of electron SAFs in the cervical
vascular model with SAFs in the ICRP 1990 model

The perivascular SAF, with the blood in the RBM blood
vessels and cortical bone as the source, was compared with

the SAF in the ICRP 1990 model. The cervical vascular model
SAF is based on the energy emitted by the disintegration
in the cervical blood source, and comparison with the body
tissue SAF in the ICRP 1990 model requires accounting for
the proportion to energy emitted by the disintegration in the
blood in the whole body, that is, the proportion of the cervical
blood against the total amount of blood in the body. Thus,
the cervical vascular model SAFs were multiplied by the
mass ratio of the cervical vertebral RBM blood against the
whole-body blood, 0.182% and were compared with the body
tissue SAF (1/68.831 kg™') in the ICRP 1990 model. Because
the actual shape of sinusoids is unknown, calculations were
conducted for 25, 49 and 121 blood vessels by changing
the inner diameters to 0.093 cm, 0.066 cm and 0.042 cm,
respectively.

In order to examine the validity of electron AFs from the
cortical bone source, the cervical vascular model was used to
calculate AFs and SAFs, with the cortical bone as the source
and the perivascular region as the target (Fig. 2). The cervical
vascular model SAFs were multiplied by the mass ratio of
the cervical cortical bone to the whole-body cortical bone,
i.e. 2.2%, to account for the fraction that disintegrated in the
cortical bone of the cervical bone. As no comparison can be
made with an SAF of zero, SAFs were compared with the
body tissue SAF of 1/68.831 kg!. When a cortical bone is the
source region, up to 570 million trials were required to reduce
statistical errors in the perivascular region to less than 0.05.

2.5. Comparison with different settings in the cervical
vascular model

As described previously, the phantom used in the ICRP
2007 model assumes that the trabecular spongiosa is a mixture
of the trabecular bone as well as of the active and inactive
marrow and blood, and that HSCs are uniformly distributed. In
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Fig. 1 A simplified model of cervical vertebrae with bone tissues and blood vessels (cervical vascular model) (upper).
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Table 3 Masses of bone tissues and blood in the cervical vertebrae of the Japanese phantom JM-103.

107

105

10

10°

10

Flux [1/cm?/source]

Flux [1/cm%source]

Organ ID and name used

Mass (g)

in IM-103 To:iaslst)lzdy ngt:lceal Tratt)szzlar Soft tissues RBM Soft Rt}l;;;{les Blood Bli(l)gol\(j[ in

140 Cervical vertebra 01 0.8 — 0.2 0.6 0.5 0.1 0.1 0.1
141 Cervical vertebra 02 7.1 — 33 3.9 2.9 1.0 0.4 0.4
142 Cervical vertebra 03 40.7 13.7 8.6 18.3 13.7 4.6 22 1.8
143 Cervical vertebra_ 04 62.5 40.0 - 22.5 16.9 5.7 2.8 2.3
144 Cervical vertebra 05 47.5 36.1 - 11.4 8.5 2.9 1.6 1.2
145 Cervical vertebra 06 39.5 35.6 - 4.0 3.0 1.0 0.8 0.4
146 Cervical vertebra 07 8.6 8.6 - — — — — -

Total 206.8 134.1 12.2 60.6 454 15.2 7.8 6.1

*Blood in RBM = RBM x 13.5%
Total volume in bone (ID 120-316), body tissue = 11,014.4 g, RBM = 1,191.6 g, blood in bone =281.2 g
ICRP89 Blood distribution to the bone tissue = 7%, blood distribution to the RBM = 4%

2812 x4

Blood in RBM

1,191.6 x

7 100=13.5%
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Fig.2 Electrons from the cortical bone source.

order to assess energies deposited to the perivascular stem cell
layer in the target region from a non-uniform source tissue,
perivascular AFs were compared between the source regions of
the blood in the RBM blood sinusoids and in the entire RBM.
Also, although the cervical vascular model was built using
average values for bone tissue components of the cervical
vertebrae, the actual shape of sinusoids is unknown as stated
above. Thus, a sensitivity analysis was conducted by changing
the thickness of the perivascular region from 0.00125 cm to
0.02 cm.

2.6. Application of the cervical vascular model

In order to evaluate the extent of effects from major
nuclides in the actual exposure dose assessment, the electron
SAFs were calculated for 'I, I, and I in the blood source
and for ¥Sr, *Sr, and Y in the cortical bone source, using RI-
source function of PHITS ver. 3.02.

Using the cervical vascular model, a B-ray spectrum was
generated from ', 2[, and I in the blood source, and AFs
and SAFs in the perivascular region were calculated and
compared with the SAF in ICRP Publication 30. In a similar
manner, the B-ray spectrum was generated from *Sr, *Sr,
and °’Y in the cortical bone source, and AFs and SAFs in the
perivascular region were calculated. As mentioned previously,
the ICRP 1990 model assumes the electron SAF from the
cortical bone source to the RBM to be zero. Calculations
were performed to examine the extent of underestimation for
the contributions of *Sr, *°Sr, and *°Y from the cortical bone
source.

III RESULTS

3.1. Comparison between the electron SAFs in the
cervical vascular model and the SAFs in the ICRP 1990
model

Assuming the blood in the sinusoids as the source and a
cylindrical area with the thickness of 0.01 cm (including the

sinusoidal endothelium) in the perivascular region as the target,
AFs and SAFs in the perivascular region were calculated.
Comparisons were made of the SAF of the body tissue, used as
a surrogate for the whole-body blood source, with the whole-
body tissue (1/68.831 kg! =0.01453 kg!) in the ICRP 1990
model (Table 4). Statistical errors in the perivascular region
ranged from 0.01 to 0.075.

As shown in the bottom row of each dataset, the cervical
vascular model SAFs (denoted SAF x 0.182% to account
for the fraction disintegrated in the blood in the RBM of the
cervical bone) were 1.2 to 6.9 times higher than the SAF in the
ICRP 1990 model (0.01453 kg ') for 49 blood vessels, with the
maximum at the energy of 0.3 MeV. The degree of difference
between the cervical vascular model SAFs and the SAF in
the ICRP 1990 model was larger, with fewer blood vessels in
the source and with a smaller thickness of the cylinder (i.e., a
smaller perivascular region) in the target.

Table S shows the electron SAF from the cortical bone
source to the perivascular region of the cervical vascular model
(denoted SAF x 2.2% to account for the fraction disintegrated
in the cortical bone of the cervical bone). It shows that the
energy is deposited to the perivascular region, beginning
at 0.05 MeV. The ICRP 1990 model does not consider the
electron energy from the cortical bone to the RBM, even
though 80% of a bone-seeking nuclide is distributed to the
cortical bone. Thus, the ICRP 1990 model underestimates the
energy transfer for cortical bone sources.

3.2. Comparison with different settings for the cervical
vascular model

a) With different source regions

Figure 3 shows absorbed doses per decay when the source
region was the blood within blood vessels (sinusoids) or the
RBM and trabecular bone when the target region was set as
the perivascular region, with a thickness of 0.01 cm.

Absorbed doses in the perivascular region differed by a
factor of 0.6 to 3.1 when a comparison was made between
the blood and the RBM as sources for 49 blood vessels
(Table 6). Thus, when hematopoietic cells are localized to the
perivascular region, the ICRP 1990 model and the ICRP 2007
model, both of which assume a uniform distribution of HSCs
throughout the entirety of bone tissues, underestimate doses.

b) With different thicknesses of the perivascular region

As shown in Fig. 4 and Table 7, absorbed doses increased
when the thickness of the perivascular region was smaller.
Comparisons between the thickness of 0.01 cm and 0.00125 cm
show that the absorbed doses more than doubled at energies
of 0.1 MeV or below. If the HSCs were concentrated in the
perivascular region with smaller thicknesses, absorbed doses
to the hematopoietic stem cell layer would increase.

3.3. Short-lived nuclides in the blood source

As shown in Table 8, the electron SAFs from the blood
source to the perivascular region for B'I, 2, and '*I were
0.084 kg', 0.062 kg!, and 0.069 kg!, respectively for 49
vessels. The SAF of *’I, a daughter nuclide of *’Te, is of
special interest, due to its large decay proportion in the blood
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Table 4 Comparison of the electron SAFs from the blood source in blood vessels to the perivascular region with the SAF in the
ICRP 1990 model.
The number of vessels 25

Energy (MeV) 0.05 0.075 0.1 0.15 0.2 0.3 0.4 0.6 0.8 1.2 1.6 24
Weight of perivascular region (g) 1.385 1.385 1.385 1.385 1.385 1.385 1.385 1.385 1.385 1.385 1.385 1.385
Energy absorbed by perivascular region 6.65E- 1.84E- 3.99E- 9.26E- 1.45E- 2.31E- 3.04E- 3.92E- 3.70E- 3.84E- 4.69E- 5.75E-
(MeV/Source) 04 03 03 03 02 02 02 02 02 02 02 02
AF 0.013 0.025 0.040 0.062 0.073 0.077 0.076 0.065 0.046 0.032 0.029 0.024
SAF (kg™ 9.597 17.689 28.779 44.579 52.429 55.616 54.892 47.113 33.396 23.096 21.161 17.302
SAF. . 0.018 0.032 0.052 0.081 0.096 0.101 0.100 0.086 0.061 0.042 0.039 0.032
(perivascular region—whole blood)*
SAF/ICRP 1990 SAF 1.2 23 3.7 5.6 6.6 7.1 7.0 6.0 4.3 2.9 2.7 22
The number of vessels 49
Energy (MeV) 0.05 0.075 0.1 0.15 0.2 0.3 0.4 0.6 0.8 1.2 1.6 2.4
Weight of perivascular region (g) 1.967 1.967 1967 1967 1967 1967 1.967 1967 1967 1967 1.967 1.967
Energy absorbed by perivascular region 9.26E- 2.62E- 5.50E- 1.28E- 1.97E- 3.20E- 4.00E- 4.12E- 3.91E- 4.81E- 5.94E- 7.55E-
(MeV/Source) 04 03 03 02 02 02 02 02 02 02 02 02
AF 0.019 0.035 0.055 0.086 0.099 0.107 0.100 0.069 0.049 0.040 0.037 0.031
SAF (kg™ 9.416 17.776 27.969 43.535 50.114 54.182 50.808 34.875 24.837 20.391 18.869 15.986
SAF

(perivascular regionewhole blood)* 0.017 0.032 0.051 0.079 0.091 0.099 0.093 0.064 0.045 0.037 0.034 0.029

SAF/ICRP 1990 SAF 1.2 2.3 3.6 5.6 6.4 6.9 6.5 4.5 3.1 2.6 2.4 2.0
The number of vessels 121

Energy (MeV) 0.05 0.075 0.1 0.15 0.2 0.3 0.4 0.6 0.8 1.2 1.6 24
Weight of perivascular region (g) 3216 3.216 3216 3216 3216 3.216 3.216 3216 3.216 3.216 3.216 3.216
Energy absorbed by perivascular region 1.40E- 4.08E- 8.64E- 2.06E- 3.00E- 4.51E- 4.68E- 4.33E- 5.20E- 6.92E- 8.40E- 1.13E-
(MeV/Source) 03 03 03 02 02 02 02 02 02 02 02 01
AF 0.028 0.054 0.086 0.137 0.150 0.150 0.117 0.072 0.065 0.058 0.053 0.047
SAF (kg™ 8.713 16.899 26.862 42.729 46.589 46.733 36.409 22.438 20.215 17.931 16.332 14.637
SAF

(perivascular regionewhole blood)* 0.016 0.031 0.049 0.078 0.085 0.085 0.066 0.041 0.037 0.033 0.030 0.027

SAF/ICRP 1990 SAF 1.1 2.2 3.4 5.5 5.9 59 4.6 2.9 2.6 23 2.1 1.9
*SAF % 0.182%

Table 5 Comparison of the electron SAFs from the cortical bone source to the perivascular region of the RBM with the SAF in
the ICRP 1990 model.
The number of vessels 25

Energy (MeV) 0.05 0.075 0.1 0.15 0.2 0.3 0.4 0.6 0.8 1.2 1.6 24
Weight of perivascular region (g) 1.385 1.385 1.385 1.385 1.385 1385 1.385 1.385 1.385 1.385 1.385 1.385
Energy absorbed by perivascular region 1.40E- 3.17E- 5.58E- 1.09E- 1.49E- 6.35E- 2.95E- 2.87E- 7.36E- 1.74E- 2.96E- 5.94E-
(MeV/Source) 08 08 08 07 07 07 05 04 04 03 03 03
AF 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.002
SAF (kg™ 0.000 0.000 0.000 0.000 0.001 0.002 0.053 0.345 0.664 1.044 1.334 1.778
SAF. . 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.008 0.014 0.023 0.029 0.039
(perivascular region«<—whole blood)*
SAF/ICRP 1990 SAF 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.5 1.0 1.6 2.0 2.7
The number of vessels 49
Energy (MeV) 0.05 0.075 0.1 0.15 0.2 0.3 0.4 0.6 0.8 1.2 1.6 2.4
Weight of perivascular region (g) 1.967 1967 1967 1967 1967 1967 1.967 1967 1967 1967 1.967 1.967
Energy absorbed by perivascular region 2.30E- 4.38E- 7.91E- 8.02E- 8.44E- 1.06E- 2.97E- 8.26E- 1.50E- 2.89E- 4.52E- 8.75E-
(MeV/Source) 08 08 08 08 06 04 04 04 03 03 03 03
AF 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.002 0.003 0.004
SAF (kg™ 0.000 0.000 0.000 0.000 0.021 0.180 0.378 0.699 0953 1.224 1435 1.854
SAF

(perivascular region<whole blood)* 0.000 0.000 0.000 0.000 0.000 0.002 0.008 0.015 0.021 0.027 0.031 0.040

SAF/ICRP 1990 SAF 0.0 0.0 0.0 0.0 0.0 0.3 0.6 1.1 1.5 1.9 2.2 2.8
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The number of vessels 121

Energy (MeV) 0.05 0.075 0.1 015 02 0.3 0.4 0.6 0.8 1.2 1.6 2.4
Weight of perivascular region (g) 3216 3216 3.216 3.216 3.216 3.216 3.216 3.216 3.216 3.216 3.216 3.216
Energy absorbed by perivascular region 1.55E- 2.30E- 3.04E- 4.36E- 5.80E- 9.68E- 1.40E- 2.28E- 3.01E- 5.44E- 8.05E- 1.49E-
(MeV/Source) 04 04 04 04 04 04 03 03 03 03 03 02
AF 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.005 0.005 0.006
SAF (kg™ 0.965 0.954 0.945 0.903 0.902 1.003 1.091 1.179 1.169 1410 1.565 1.931
SAF . 0.021 0.021 0.021 0.020 0.020 0.022 0.024 0.026 0.025 0.031 0.034 0.042
(perivascular region<—whole blood)*

SAF/ICRP 1990 SAF 1.5 1.5 1.4 1.4 1.4 1.5 1.7 1.8 1.8 2.1 2.4 2.9

*SAF % 2.2%

compartment. With the blood within the RBM blood vessels
1.00E-11 (sinusoids) as the source, the SAF of *?I, adjusted for the
fraction disintegrated in the blood in the RBM of the cervical
bone (SAF x 0.182%), was 4.4 times higher than the SAF in
the ICRP 1990 model, 1/68.831 kg™ .

Lo0EL2 3.4. Long-lived nuclides in the cortical bone source
Table 9 shows that the electron SAFs from *Sr, *Sr, and
Y in the cortical bone source were 0.020 kg, 0.004 kg™' and
0.026 kg !, respectively, when the number of blood vessels
was set at 49. For the comparison with the ICRP 1990 model,
the electron SAFs, adjusted for the fraction disintegrated
in the cortical bone of the cervical bone, i.e. SAF x 2.2%,
were compared with the body tissue SAF of 1/68.831 kg
(0.01453 kg "), because the SAF from the cortical bone source
to the bone marrow is defined as zero in the ICRP 1990 model.
0 05 1 15 2 25 Table 10 shows the absorbed doses in the perivascular
Energy(MeV) region that were calculated for ®Sr, *Sr, and Y, with the
cortical and trabecular bones as the sources. The contribution

X of photons from Y was considered to be zero, due to its
region from the blood and from the RBM and trabecular 1\ emission ratio of 1.4E-6 %.2” The ICRP 1990 model sets
bone sources.

—e— Blood

Dose(Gy/source)

1.00E-13

—e—RBM+Trabecular bone

1.00e-14

Fig. 3 Comparison of doses absorbed to the perivascular

the electron AF from the trabecular bone as 0.5 for the bone

Table 6 Comparison of dose absorbed to the perivascular region from the blood and from the RBM and trabecular bone sources.

The number of vessels 25 The number of vessels 49 The number of vessels 121
Absorbed dose Absorbed dose Absorbed dose
(Gy/source) Blood/(RBM (Gy/source) Blood/(RBM (Gy/source) Blood/(RBM
RBM +Trabecular RBM +Trabecular RBM +Trabecular
Source Blood +Trabecular bone) Blood +Trabecular bone) Blood +Trabecular bone)
bone bone bone
0.05 7.69E-14 1.34E-13 0.6 7.54E-14  1.37E-13 0.6 6.98E-14 1.37E-13 0.5
0.075 2.13E-13 1.93E-13 1.1 2.14E-13  2.05E-13 1.0 2.03E-14 1.97E-13 1.0
0.1 4.61E-13 2.50E-13 1.8 4.48E-13  2.79E-13 1.6 4.30E-13 2.62E-13 1.6
0.15 1.07E-12 3.95E-13 2.7 1.05E-12  4.03E-13 2.6 1.03E-12 3.96E-13 2.6
0.2 1.68E-12 5.54E-13 3.0 1.61E-12  5.43E-13 3.0 1.49E-12 5.28E-13 2.8
Energy 0.3 2.67E-12 8.19E-13 33 2.60E-12 8.31E-13 3.1 2.25E-12 7.85E-13 2.9
MeV) 04 3.52E-12 1.07E-12 33 3.26E-12 1.11E-12 2.9 2.33E-12 1.07E-12 2.2
0.6 4.53E-12 1.61E-12 2.8 3.35E-12  1.59E-12 2.1 2.16E-12 1.54E-12 1.4
0.8 4.28E-12 2.11E-12 2.0 3.18E-12  2.13E-12 1.5 2.59E-12 2.08E-12 1.2
1.2 4.44E-12 2.91E-12 1.5 3.92E-12 2.13E-12 1.8 3.45E-12 2.95E-12 1.2
1.6 5.42E-12 3.70E-12 1.5 4.84E-12  3.76E-12 1.3 4.19E-12 3.72E-12 1.1

2.4 6.65E-12 5.00E-12 1.3 6.15E-12  5.00E-12 1.2 5.63E-12 4.95E-12 1.1
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Fig. 4 Comparison of absorbed doses to the perivascular
region with different perivascular thicknesses.

surface and as 0.35 for the bone content. For a comparison of
absorbed doses, the cervical vascular model was used for the
absorbed doses in the perivascular region, with whole bone as
the source.

It is assumed that °°Y remains in the bone indefinitely.¥ The
ICRP 1990 model sets the electron AF from the cortical bone
source as zero, excluding it from the dose estimation for the
RBM. Thus, neither *°Sr nor *Sr is assessed for the dose from
the cortical bone source, which comprises about 30% of the
dose from the hard bone source.

IV DISCUSSION

The cervical vascular model revealed that electron SAFs,
with the blood in the bone marrow blood vessels as the source,
are 1.2 to 6.9 times larger than the electron SAF in the ICRP
1990 model. In comparison with the electron SAF in the ICRP
2007 model, the SAF’s were larger by a factor of 0.6 to 3.1.
When the electron SAFs from "'I, 2], and "**I in the blood
source were calculated considering the B-ray spectrum for 49
blood vessels, the SAFs were larger than the SAF in the ICRP

Table 7 Comparison of doses absorbed to the perivascular region for different perivascular thicknesses.

Absorbed dose (Gy/source)

Thickness of 0.02 cm 0.01 cm 0.005 cm 0.0025cm 000125 cm 000125 cm/0.02 em

perivascular region

0.05 3.52E-14 7.54E-14 1.56E-13 3.09E-13 461E-13 13.1

0.075 9.97E-14 2.14E-13 427E-13 6.21E-13 7.96E-13 8.0

0.1 2.12E-13 4.48E-13 737E-13 931E-13 1.05E-12 5.0

0.15 6.18E-13 1.05E-12 1.36E-12 1.53E-12 1.66E-12 27

02 1.15E-12 1.61E-12 1.90E-12 2.11E-12 2.20E-12 19

Energy 03 2.12E-12 2.60E-12 2.91E-12 3.00E-12 3.03E-12 1.4

(MeV) 04 281E-12 3.26E-12 3.42E-12 3.54E-12 3.70E-12 13

0.6 3.11E-12 3.35E-12 3.53E-12 3.63E-12 3.67E-12 12

0.8 2.95E-12 3.18E-12 3.38E-12 3.42E-12 3.55E-12 12

12 3.68E-12 3.92E-12 4.04E-12 4.14E-12 431E-12 12

1.6 4.53E-12 4.84E-12 4.88E-12 5.04E-12 5.01E-12 11

24 5.85E-12 6.15E-12 6.13E-12 6.28E-12 6.37E-12 1.1

Table 8 Comparison of the electron SAFs for B and " from the blood source to the perivascular.
The number of vessels 25

Radionuclide B ! ¥
Weight of perivascular region (g) 1.385 1.385 1.385
Energy absorbed by perivascular region (MeV/Source) 1.25E-02 2.62E-02 2.42E-02
AF 0.069 0.057 0.061
SAF (kg™ 49.923 40.910 44.103
SAF (perivascular region = whole blood) * 0.091 0.074 0.080
SAF/ICRP 1990 SAF 6.360 5.212 5.619

*SAF % 0.182%

The number of vessels 49

Radionuclide B i P
Weight of perivascular region (g) 1.967 1.967 1.967
Energy absorbed by perivascular region (MeV/Source) 1.66E-02 3.13E-02 2.94E-02
AF 0.091 0.067 0.074
SAF (kg ") 46.328 34.296 37.78
SAF (perivascular region += whole blood) * 0.084 0.062 0.069
SAF/ICRP 1990 SAF 5.902 4.369 4.813

*SAF % 0.182%
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The number of vessels 121

Radionuclide B e P
Weight of perivascular region (g) 3.216 3.216 3.216
Energy absorbed by perivascular region (MeV/Source) 2.27E-02 3.97E-02 3.63E-02
AF 0.127 0.089 0.096
SAF (kg 39.558 27.764 29.814
SAF (perivascular region = whole blood) * 0.072 0.051 0.054
SAF/ICRP 1990 SAF 5.04 3.537 3.798

*SAF % 0.182%

Table 9 Comparison of the electron SAFs for ¥Sr, *Sr, and *°Y from the cortical bone source to
the perivascular region of the RBM with the SAF in the ICRP 1990 model.
The number of vessels 49

Radionuclide “Sr *Sr oy
Weight of perivascular region (g) 1.967 1.967 1.967
Energy absorbed by perivascular region (MeV/Source) 1.03E-03 8.78E-05 2.18E-03
AF 0.0018 0.0004 0.0024
SAF (kg ) 0.915 0.203 1.220
SAF (perivascular region = whole blood) * 0.020 0.004 0.026
SAF/ICRP 1990 SAF 1.409 0.313 1.879

*SAF x2.2%

Table 10 Comparison of doses of *’Sr, *’Sr, and *°Y absorbed to the perivascular region of the RBM from the cortical bone and
trabecular bone sources.

90,
Sr
Source Cortical bone volume Trabecular bone volume
Target Perivascular region Perivascular region Total
Radionuclide %Sy ' oy %Sy oy '
electron electron photon electron electron photon
Gy/source 5.74E-15 1.78E-13  0.00E+00  2.03E-13  9.12E-13  0.00E+00
Distribution of nuclide in the bone 0.8 0.8 0.8 0.2 0.2 0.2 1.0
Gy/source x distribution in the bone ~ 4.59E-15 1.42E-13  0.00E+00  4.06E-14  1.82E-13  0.00E+00 3'715_13 b
Fraction 1% 38% 0% 11% 49% 0% 100% 1.66
ICRP1990 SAF 0 0 - 0.35 0.35 -
. . 2.23E-13
Dose included in ICRP 1990 0 0 0 4.06E-14  1.82E-13 0 b
8‘)Sr
Source Cortical bone volume Trabecular bone volume
Target Perivascular region Perivascular region Total
Radionuclide ¥Sr ¥Sr
electron electron
Gy/source 8.38E-14 5.90E-13
Distribution of nuclide in the bone 0.8 0.2 1.0
Gy/source x distribution in the bone 6.70E-14 1.18E-13 1'855-13 o/d
Fraction 36% 64% 100% 1.57
ICRP1990 SAF 0 0.35
Dose included in ICRP 1990 0 1.18E-13 II8E-13

d
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1990 model (1/68.831 kg') by factors of 5.9, 4.4, and 4.8,
respectively.

In the calculation of the electron SAFs from the cortical
bone source using the cervical vascular model, the energy
depositions began at the energy of 0.05 MeV or above. The
ICRP model defines electron AFs from the cortical bone source
as zero, and any contribution from the cortical bone source
is not included in the dose assessment of the RBM. Thus,
for *°Sr and ¥Sr, the doses absorbed from the cortical bone
source, which are nearly 30% of the dose from the hard bone
source, are not considered in the dose assessment. Further,
if the electron SAFs from the cortical bone source are added
to those from the trabecular bone source, the doses absorbed
from ¥Sr and *Sr/*°Y will be larger by a factor of 1.57 and 1.66,
respectively.

The absorbed doses to perivascular region from the electron
sources and the photon sources in blood vessels were compared
in Fig. 5 for 49 blood vessels. It shows that the absorbed dose
from radionuclides in blood sources are largely from electrons.
With the cervical vascular model revealing the possibility of
underestimation of the bone marrow dose from blood source,
considerations are due in assessing validity of the current dose
assessment, especially for short-lived radionuclides such as
132Te/132], as the proportion of the number of decay in the blood
compartment is relatively large.

Regarding the limitations of the cervical vascular model
in evaluating the electron SAFs, several issues are raised.
The cervical vascular model, designed with an average mass
of bone tissues in the cervical vertebrae (JM-103 ID 140-
146), does not reflect differences in the mass of bone tissues
according to location. The shape of bone tissues also varies
widely according to location in the bone (Table 11).!Y In the
study of the skeletal dosimetry model based on micro CT

images,' AFs from the trabecular and cortical bones to the
active marrow vary by bone location. The shape and blood
volume of the sinusoids and other blood vessels are also
unclear. An accurate dose estimation requires an evaluation
with a more elaborate model using micro CT images.

V CONCLUSION

The current ICRP internal dose assessment model
underestimates the RBM dose from the blood and cortical
bone electron sources. A more sensitive model should be used

7.00E-12
6.00E-12
5.00E-12
m
o
5 4.00E-12
o]
)
e
)
< 300E-12
w
o
o
2.00E-12 —8—clectron
—8— photon
1.00E-12
0.00E+00 *~—o—"0 ® = —e
0 0.5 1 15 2 25
Energy(MeV)

Fig. 5 Comparison of absorbed doses of electron and photon
to the perivascular region.

Table 11 Masses of bone tissues and blood by anatomical location.
Mass
Organ . Cortical ("l‘"gr)abecular . RBM/ Body Bloo_d/ Body
Body tissue RBM Soft tissues Blood tissue tissue
bone bone

Cranium 1,346.1 91.2 773.8 308.1 264.2 27.5 6.8% 2.0%
Mandible 164.9 9.2 79.8 52.4 32.7 34 5.6% 2.1%
Cervical vertebra 206.8 453 134.1 12.2 60.6 7.9 21.9% 3.8%
Thoracic vertebra 653.7 187.3 315.2 76.7 261.8 31.8 28.7% 4.9%
Lumbar vertebra 589.8 143.1 221.9 118.4 249.2 30.0 24.3% 5.1%
Sacrum 260.7 115.1 128.0 12.2 120.4 14.2 44.2% 5.5%
Clavicles 111.5 9.5 52.0 279 31.7 2.6 8.6% 2.3%
Scapulae 310.3 34.0 142.9 70.2 97.1 8.3 11.0% 2.7%
Sternum 107.3 36.4 39.3 20.8 47.2 5.6 33.9% 5.2%
Ribs 945.0 186.7 324.6 226.1 394.3 47.6 19.8% 5.0%
Os coxae 1,057.0 220.7 388.4 257.5 411.5 38.1 20.9% 3.6%
Humeri 589.4 28.6 282.4 121.7 193.3 10.0 4.9% 1.7%
Forearm 360.6 0.0 205.3 55.2 100.2 32 0.0% 0.9%
Wrist-hand 220.1 0.0 115.2 35.8 69.1 2.2 0.0% 1.0%
Femora 1,652.7 84.1 665.1 440.4 547.1 24.4 5.1% 1.5%
Tibiae-fibulae-patellae 1,563.2 0.0 669.0 367.3 526.6 15.6 0.0% 1.0%
Ankle-foot 871.7 0.0 298.7 261.8 313.3 8.7 0.0% 1.0%
Os hyoideum 3.8 0.3 1.8 0.9 1.1 0.1 8.2% 2.3%
Total 11,014.4 1,192.6 4,837.4 2,465.7 3,721.5 281.2
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to evaluate the bone marrow dose assessment and the effects
on hematopoietic and immune functions, and the validity of
the current dose evaluation of short-lived radionuclides which
decay in the blood compartment in relatively large proportion
should be assessed.
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The whole-body retention of radiocesium derived from soil was investigated in Wistar strain rats using three types of
environmentally contaminated soil containing '**Cs and '*’Cs collected in Fukushima Prefecture, garden soil doped with
13CsCl solution, and ionic solutions of '*CsCl. Approximately 44-67% of the administered activity of the **Cs and '*’Cs in
the three types of soil was cleared exponentially in 12 h, with a half-life of 2.9-7.9 h, and the remaining activity decreased
below the detection limit by 30 h after initial administration. In the rats administered with the artificially contaminated
soil, a biphasic retention curve (fast and slow) was observed, because the radioactivity administered was high enough to
trace over the long-term. Approximately 84% and 16% of the administered activity was cleared with half-lives of 4.5 and
173 h, respectively. In contrast, approximately 23% and 77% was cleared with half-lives of 17 and 166 h, respectively, in
the rats administered with the '**Cs in ionic solution. By analyzing the retention curve, we estimated that only 21% of orally
administered radiocesium in artificially doped soil was absorbed into the gastrointestinal tract. This suggests that if the
dose coefficient indicated by systemic models for Cs of the International Commission on Radiological Protection, in which
gastro-intestinal absorption rate is assumed to be 1.0 for public, is used for the radiocesium in soil, the effective dose may be

significantly larger than the actual dose.

KEY WORDS: radiocesium, soil, retention rate, gastrointestinal absorption, biological half-life, CsCl, Fukushima.

I INTRODUCTION

After the Tokyo Electric Power Company (TEPCO)
Fukushima Daiichi Nuclear Power Plant (FDNPP) accident
on March 11, 2011, substantial amounts of radionuclides,
including radiocesium (mainly consisting of '**Cs and '*’Cs),
were discharged into the environment. The total amount of
discharged **Cs and '¥'Cs was estimated to be approximately
18 and 15PBq, respectively.” Radiocesium deposited on
the land surface strongly adsorbs to soil particles over time
and tends to remain in the topsoil over the long term.>?
Radiocesium in surface soil can cause external exposure to
the public as well as internal exposure if inhaled or ingested.
In risk assessment by direct ingestion of soil by the Ministry
of the Environment of Japan, the amounts of daily soil
intake by adults and children were predicted to be 100 and
200 mg, respectively.> ® Soil intake can occur via breathing,
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consumption of farm products that are not rinsed well, licking
of unwashed hands (particularly by children), and other routes.
While the intake of food contaminated with radiocesium
can be prevented by food monitoring and restricting the
distribution and consumption of food of concern, passive or
unintentional soil intake is difficult to prevent.

When estimating the internal exposure dose from ingested
radiocesium, a dose coefficient is applied. To determine the
dose coefficient, models that simulate metabolism in the
human body are used, including the gastrointestinal (GI) tract
model. The GI tract model includes parameters such as the GI
absorption rate. A previous study of absorption showed that
ionic radiocesium is absorbed quickly through the GI tract.”
Thus, the International Commission on Radiological Protection
(ICRP) recommended an absorption rate of 1.0 for radiocesium
in any chemical form in its human alimentary tract model,¥
although it has recently recommended the value of 0.1
for insoluble forms of radiocesium (e.g. fuel particles) for
occupational exposure. Thus, when it is necessary to estimate
the exposure dose more precisely for individuals, more
accurate absorption values are necessary. Previous studies
indicated that the absorption rate of radiocesium in soil may
not be as high as that assumed in the ICRP model. Chemical
experiments showed that radiocesium is strongly adsorbed to
soil particles and is consequently difficult to extract using ionic
solutions or water in vitro.”'V ELLICKsON et al. demonstrated
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the bioaccessibility of '*’Cs in soils of the Savannah River in
South Carolina, USA, which were contaminated by cooling
water from nuclear reactors and fallout from offsite nuclear
weapons testing.'? The ranges of GI bioaccessibility of *’Cs in
soil samples from the two sites were estimated as 5.6-31.1% in
gastric fluids and 6.0-38.8% in intestinal fluids.'” TAKAHARA et
al. reported low extraction of '¥’Cs from Fukushima soil using
artificial body fluid in vitro and predicted low absorption in the
GI tract.'® These findings suggest that a more accurate value
of the GI absorption rate is necessary for accurately estimating
radiation doses arising through soil. To collect these data,
animal and extraction experiments are important. However,
few previous studies have evaluated low GI absorption of
radiocesium in the soil using animal experiments.

In this study, whole-body retention of radiocesium in
rats were investigated using environmental soil samples
collected after the FDNPP accident and garden soil artificially
contaminated with '*CsCl solution. Additionally, the GI
absorption rates of '*Cs were estimated by analyzing the
retention rate of **Cs administered as an ionic solution of
13CsCl and comparing to those of radiocesium in the soil
samples.

I MATERIALS AND METHODS

1. Environmentally contaminated soils

Three soil samples contaminated with **Cs and '*’Cs were
collected near the FDNPP site. The first and second samples
were collected from a deserted playground 2 km south of the
FDNPP site (soil 1: playground) and a forest floor 3 km west
of the site (soil 2: forest) in Okuma Town in Fukushima in
2016. The third sample was collected from soil accumulated
along the roadside 30 km northwest of the site in 2015 (soil 3:
roadside).

All soil samples were dried at 25°C, ground in a mortar,
and passed through a 250-pum mesh, which is thought to be the
approximate maximum soil particle size that can attach to the
hands of children playing outside.' Pretreated soil samples
were stored in a cool, dry area until the experiment. The
characteristics of each soil, including activities of '*Cs and
137Cs, pH, and soil organic matter are summarized in Table 1.

2. Artificially contaminated soil

For the artificial doping experiment, soil which was not
contaminated by the accident was collected from the vegetable
garden field of the Institute for Integrated Radiation and
Nuclear Science, Kyoto University in Osaka (soil 4: garden).
This sample was pre-treated as described in II-1. Ten grams

Table 1 Characteristics of soil samples.

) Samplin Initial Activity (Bg/kg)* Organic
Soil ID pori)nt ¢ BiCs . (”%sg) pH mitter
Soil 1 Playground 1.5E+04  6.6E+04 6.1 16%
Soil 2 Forest 1.8E+04 8.1E+04 5.5 31%
Soil 3 Roadside 7.1E+04  3.0E+05 5.6 39%

*The activities were corrected as of 2015.10.22 when the
experiment was started.

of each soil sample soil were doped with 7 mL of '*CsCl
solution (1.1 x 10° Bg/mL) and dried at 40°C. Next, 5 mL
of ultra-pure water was added to the soil and the '*CsCl-
doped soil was dried at 40°C. The dried sample was rinsed
with 10 mL of ultra-pure water three times, dried at 40°C, and
stored in a cool, dark area until the experiment. The original
activity of '**Cs in soil 4 was under the detection level and
sufficiently low to be ignored, compared to those in soils that
were environmentally contaminated by the accident and to the
amount of doping.

3. Experimental animals and sample administration

A total of 25 female Wistar strain rats aged 810 weeks,
purchased from Japan Lab Animals Co., Ltd. (Ibaraki, Japan),
were used. All rats were pre-bred for at least 1 week under
standard environmental conditions (24°C, 60% relative
humidity, 12-h light-12-h dark cycle, and conventional rodent
diet). Rats were divided into five groups (4 soil groups and 1
solution group), fasted for 16 h prior to administration, and
then lightly anaesthetized with isoflurane using a small animal
anesthesia apparatus (Biomachinery, Chiba, Japan, TM-10).
Approximately 0.03 grams of the soil samples were placed
in gelatin capsules (Torpac, Inc., Fairfield, NJ, SUA) and
orally administered to the rats’ stomachs directly through the
mouth using a 13-Ga capsule sonde for rats. For the '**CsCl
aqueous solution (6.1 x 10* Bg/mL), 0.3 mL of the sample
was orally administered directly to the rats’ stomachs. After
administration, each rat was housed separately in a metabolic
cage with a bottom-up wire mesh to collect excretions
and urine separately and prevent rats from contacting the
excretions. Rats had free access to water and food after
administration. This animal experiment was carried out in
compliance with the ethics regulations of Kyoto University.
The animal experiment procedure was reviewed by the
departmental animal experiment committee and approved by
the president of Kyoto University.

4. Radioactivity measurement

The whole-body activities of '**Cs and '*’Cs in rats were
measured over time using a whole-body counter (WBC),
which consisted of two Nal scintillation counters facing each
other and lead blocks surrounding the counters as a shield.
The construction and size of the WBC are presented in Fig. 1.
During the measurement, each rat was held in an animal
holder made from StyrofoamTM and acryl file and set between
the two counters. The average value of the two measurements
was calculated each time. The acquired data was corrected for
decay to be at the time of administration.

5. Derivation of retention curve and calculation of half-
life time

Whole-body retention was expressed as the rate of initial
body burden which was measured 1h after administration.
At that time, it is assumed that the capsule in the stomach
had dissolved and excretion had not started so that 100% of
the sample remained in the body. A previous study showed
that ingested radiocesium was cleared biphasically with two
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Fig. 1 Construction of the whole-body counter.

components, the fast component and slow component.’ '
Therefore, the retention curve was fit to the biphasic
exponential curve using the non-linear least-squares method,
and the following Eq. (1) was derived:

Fl)=axe"+cxe” 1)

Here,
a, c: Initial retention rate values for each component
b, d: Clearance constants (h™")
t: Time after administration (h)

Next, the biological half-lives (7, ,, (fast) and T, , , (slow))
were calculated using the following Egs. (2)—(3).
In2
Ty (fast) = b 2
In2
Tyio12 (slow) = a4 3)

IIT RESULTS

1. Clearance of radiocesium in environmentally
contaminated soil

The average retention rates of '**Cs and "“'Cs of the
playground and forest soils in rats are shown in Fig. 2.
Measurements were taken at 1, 6, 9, 12, 15, 18, and 24 h after
administration. At 12 h, the retention rates decreased to 56%
for playground soil and 52% for forest soil. The activities
decreased to below the detection limit, corresponding to 25%
(playground) and 28% (forest) by 30 h in all rats. A decrease in
the retention rates began 6 h after administration, and thus the
retention curves were fit to the data after 6 h.

Figure 3 shows the retention rates of '**Cs and '’Cs in
the roadside soil samples in each rat. One rat in the group

A Playground

® Forest

Retention rate of 134Cs and 37Cs (%)

10
0 5 10 15 20
Time after administration (h)

Fig. 2 Two retention curves for 'Cs and "’Cs in soil
samples collected at the playground and forest. Retention
curves were drawn from the point when the retention rates
began to decrease (1=6). The error bars represent the
standard deviation, and a broken line shows an approximate
level of the detection limit.

®Rat 1
®Rat 2
®Rat 3
®Rat 4

100

Retention rate of 134Cs and 137Cs (%)

10

J
0 5 10 1x 20

Time after administration (h)

Fig. 3 The retention rates of **Cs and '’Cs in the roadside
soil samples in each rat. The fitting curve was drawn
from the point where the retention rate began to decrease
(red line). Broken line shows an approximate level of the
detection limit.

administered the roadside soil sample showed deterioration of
its physical condition; therefore, the data for this individual
were excluded from the results. Because there were gaps of
a few hours between measurements among rats, the retention
rate values for the roadside soil samples were interpolated, and
values corresponding to those at the measurement times of the
other two groups were estimated and averaged for comparison.
The retention curve was fit to the averaged interpolated
values after 6 h, when the activities began to decrease. At
12 h, the retention rates decreased to 33% for roadside soil.
The activities decreased to below the detection limit of 15%
(roadside) by 24 h in all rats.

Each retention curve was fit to one exponential expression.
The calculated biological half-lives were 7.0, 7.9 and 2.9 h
for soils collected from the playground, forest, and roadside,
respectively. Because the activities of **Cs and *’Cs in the
environmental soil samples were not sufficiently high and the
amount of soil that could be administered to a rat as a single
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dose was limited, the whole-body activity in later hours was
below the detection limit, and retention of the second (slow)
phase was not observed. Thus, the absorption rates were only
estimated from the retention data of the rats administered soil
artificially doped with '**Cs and '**CsCI.

2. Clearance of **Cs in artificially contaminated soil

The retention curve of *Cs in artificially doped soil is
shown in Fig. 4. Decreases in retention rates began 6 h after
administration. The retention rates decreased to 32 +4.3% in
the first 18 h, and a gradual decrease was observed afterward.
The fitting to the biphasic exponential curve indicated that
approximately 84% of administered activity were cleared
rapidly (fast phase) with a half-life of 4.5 h. The remaining
radiocesium (16% of initial burden) were slowly cleared with
a half-life of 173 h.

3. Clearance of '**Cs administered as ionic solution

The retention rates of *Cs in aqueous solution in rats
are presented in Fig. S. In the first 9 h after administration,
decreases in the retention rates were not observed in 4 of 5
rats. Subsequently, retention rates decreased to 89+ 9.3 in
18 h, and then gradually decreased. The retention curve was fit
to the sum of the two exponential expressions. Approximately
23% and 77% of total administered activities were cleared
with half-lives of 17 and 166 h, respectively.

IV DISCUSSION

Each retention rate of **Cs and ’Cs for the three types
of soil samples collected in Fukushima decreased, showing
a short biological half-life. The retention curves of the three
samples showed a single exponential decline until each curve
reached the detection limit. The biological half-life of barium
particles, which are not absorbed in the GI tract, is estimated
as 4.6 h based on the retention rate data of Tanaka et al.'® The
activity of *Cs and 'Cs in the contaminated soil samples
showed a similar clearance rate. Therefore, it is reasonable to
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Fig. 4 The retention rates of 'Cs artificially doped in
soil. Retention curves were drawn from the point when
the retention rates began to decrease (= 6). Each point
represents the average value of 5 individuals, and the error
bar represents the standard deviation.

conclude that the portion cleared in the first (fast) component
(48-67% of administered dose) was not absorbed, but rather
passed through the GI tract.

Because the soil samples collected in Fukushima did not
have sufficient radiocesium activities for tracing in rat bodies
using the WBC long-term, artificially contaminated soil and
134CsCl solutions were prepared. The retention pattern of 3*Cs
administered as ionic solution showed a biphasic exponential
decrease, which was consistent with previous observations
of humans.® ' The biological half-life of the first and
second components also agreed with the results of previous
animal studies using rats (19 and 163 h).!"” In contrast, for
artificially contaminated soil, the biological half-life of the
first component was closer to that of Ba particles.'® Our result
showed that 84% of the '**Cs administered was cleared at the
biological half-life of 4.5 h, and 16% of the '**Cs administered
was cleared at the biological half-life of 173 h.

An accurate value of the gastro-intestinal absorption
rate of '**Cs in soil is not readily apparent from the present
experiment. In rats administered with soil doped with '*Cs,
16% was cleared in the second phase of the clearance curve
with a half-life of 172 h. It is reasonable to assume that at least
16% of the administered **Cs had been absorbed by the GI
tract, metabolized in the body, and then excreted via feces or
urine. In contrast, 84% was cleared more rapidly with a half-
life of 7 h. A large part of this may be the **Cs that was tightly
adsorbed to soil particles and rapidly excreted without GI
absorption. However, a small part may be attributable to the
134Cs that had been absorbed by the GI tract in its ionic form
and then rapidly excreted. As observed in the rats administered
with the ionic form of '**Cs (Fig. 5), 77% of the administered
134Cs was cleared slowly, but the remaining 23% was cleared
rapidly with a half-life of 12 h. This indicates that some '**Cs,
once absorbed by the GI tract, may be excreted rapidly. If
the ratio of **Cs cleared during the fast phase to that cleared
during the slow phase (23% vs. 77%) in the rats administered
with ionic **CsCl are applicable to the rats administered with

=
(=3
(=}

134Cs retention rate (%)

10
0 50 100 150 200

Time after administration (h)

Fig. 5 The retention rates of ionic '**Cs in rats. Retention
curves were drawn from the point when the retention rates
began to decrease (¢ = 6). Each point represents the average
value of 5 individuals, and the error bar represents the
standard deviation.
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13Cs in soil, we can calculate that approximately 5% (16 x 23/
77) of the administered dose was absorbed by the GI tract and
then excreted rapidly. As a result, it can be estimated that 21%
of the administered dose was absorbed by the GI tract, and the
remaining 79% were excreted to feces without GI absorption,
in the rats administered with the soil artificially contaminated
with 13Cs.

As previously described, the retention rates of '**Cs and
Cs in the environmentally contaminated soil sample
groups reached levels below the detection limits (15-28% of
administered dose) 15 h after administration. This suggests
that at least 72—85% of radiocesium was cleared rapidly in the
first phase of clearance. The estimation of an accurate value
for the rate of GI absorption is difficult because of the lack of
data as the radiocesium cleared slowly after absorption to the
GI tract. However, the percentage of **Cs cleared from the
GI tract without absorption is similar to that observed in the
rats administered with the artificial doped soil. The process
of contamination and conditions afterward were different
between the environmentally and artificially contaminated soil
samples; nevertheless, radiocesium was likely adsorbed tightly
to the soil particles and rapidly excreted in feces.

Our study showed that the GI absorption rate of Cs in the
soil may be significantly lower than 1.0 (100%), which is the
current recommended value by the ICRP for the public. The
recommended value was set conservatively from a radiological
protection perspective and is appropriate for regulation and
planning of radiation protection measures. However, for
radiocesium in the soil, the committed effective dose can be
overestimated when calculated at an ICRP dose coefficient
using 1.0 as the absorption rate. Recently, ICRP recommends
using 0.1 as the absorption rate for the insoluble radiocesium
such as fuel particles for occupational exposure.” The GI
absorption rate of 21% lies between these two absorption
rates currently used by the ICRP. To estimate a realistic
internal exposure dose from radiocesium, more accurate
absorption rates for each form of Cs are necessary. Since
the FDNPP accident, many parents have been concerned
about inhalation and ingestion of radiocesium in soil and
airborne dust, particularly by their children in schoolyards and
playgrounds.'” Sufficient and suitable protective measures are
essential, but health physicists and specialists involved should
be aware that the actual radiation doses following intake of
radiocesium in soil or dust may be lower than those estimated
using the ICRP dose coefficient.

V CONCLUSION

The retention patterns and biological half-lives of
radiocesium in rats were examined using environmental soil
samples collected after the FDNPP accident. Moreover, the
retention patterns, biological half-lives, and absorption rates
were estimated for ionic Cs and Cs artificially doped in garden
soil. The retention patterns of radiocesium in environmentally
contaminated soils showed single exponential curves with
biological half-lives of 2.9-7.9 h. The retention patterns of
Cs in ionic form and artificially doped soil were fit to the sum
of two exponential expressions. The biological half-lives for

the fast and slow components were 4.5 and 173 h for Cs in
the artificially doped soil and 17 and 166 h for CsCl. The GI
absorption rate of **Cs in soil was estimated to be about 21%
of the administered dose. This result shows that the absorption
of Cs was significantly lower when ingested in soil, suggesting
that Cs in the soil is not absorbed to the extent suggested by
the ICRP for public exposure.
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From Japan to the World

J-EPISODE: Japanese Epidemiological Study on
Low-Dose Radiation Effects Conducted by the
Radiation Effects Association

Institute of Radiation Epidemiology,
Radiation Effects Association*'

1. Background

The Radiation Effects Association (REA), founded in 1960,
conducts, promotes, and subsidizes research to investigate the
biological and environmental effects of low-dose radiation
and also informs the general public of these effects. The
REA now covers two areas of investigation: registering and
managing nuclear workers’ exposure doses and conducting
epidemiological radiation studies on nuclear workers.

To conduct an epidemiological survey of Japanese
nuclear workers, the REA established the Institute of
Radiation Epidemiology in 1990 and has been performing
epidemiological investigations since then. The decision to
establish the institute was encouraged by the Science and
Technology Agency (later the Ministry of Education, Culture,
Sports, Science and Technology) and the movement of the
International Agency for Research on Cancer at that time.

It is well known that the epidemiological study of atomic
bomb survivors that has been ongoing since 1950 is the
gold standard for studies on radiation effects. However, this
study includes the health effects of single, acute exposure
to relatively high-dose and high-dose-rate radiation; an
extrapolation to low-dose and low-dose-rate radiation is
required to apply the practical doses of radiation protection
(that is, an order over ten mSv) in normal operation. To carry
out a new epidemiological survey study to examine nuclear
workers in Japan, it was necessary to design an original
framework for the survey and to establish a protocol to allow
for long-term survey administration.

2. Protocol
2.1 Establishment of study cohort

The study cohort included mainly nuclear power plant
workers with Japanese nationality who were engaged in
radiation work during normal operation at nuclear power
plants. The cohort started with 114,900 participants and
increased to 204,103 participants. Since 2003, informed
consent has been obtained by mail in the form of opt-out
method. By the end of March 2014, 6% of the participants
had not consented, and we stopped following them. The dose
information for these workers was provided by the Radiation
Dose Registration Center of the REA.

Five study phases were successively conducted from 1990
to 2014 according to the timeline included in Table 1. The

*1' 1-9-16 Maruishi Dai-ni Building 5F, Kajicho, Chiyoda-ku, Tokyo
101-0044, Japan.

final study population at the end of phase V included 204,103
workers. Since 2015, phase VI of the survey has been ongoing.

2.2 Follow-Up of Vital Status
2.2.1 PhasesItoV

The follow-up mortality survey was carried out using
residence registration records. Every four years or less,
we requested residence registration cards for each worker
from the municipal office of their residential address. If the
municipal office issued a card or a record of moving to another
municipality, we concluded that the subject was still alive and
submitted the participant to the next study phase. However, if
the municipal office issued a deleted residence card instead of
a resident card, we concluded that the subject was deceased
and confirmed the cause of the death by record linkage with
the National Vital Statistics provided by the Ministry of Health
and Welfare (later called the Ministry of Health, Labour and
Welfare) of Japan.

As part of the mortality surveys, we conducted lifestyle
surveys in 1997 and 2003 in a sub-cohort of approximately
80,000 respondents. The lifestyle questionnaire included items
about smoking, alcohol consumption, duration of education,
and so on. The results showed that smoking was a confounding
factor in the relationship between radiation dose and cancer
mortality.

2.2.2 Phase VI

After the completion of the fifth survey, the survey protocol
has been modified. The follow-up mortality survey has been
conducted using residence registration records with the
remaining study cohort. Based on the results obtained from the
lifestyle surveys shown above, subjects were extended from
the sub-cohort to the entire cohort. To respect the increasing
privacy concerns in recent years, an opt-in method has been
adopted in 2015 to replace the opt-out method used prior to
2003.

3. Brief Results
3.1 PhaseltoV

The main study cohort of 204,103 workers who had been
employed in the nuclear industry was subjected to the mortality
survey, including the sub-cohort of 75,442 respondents to the
lifestyle survey.

Mortality analysis identified a relationship between the
cumulative radiation dose and malignant neoplasms in some
cases. However, because the lifestyle analysis identified
possible confounding variables, such as smoking, we cannot
conclude that low-dose radiation affects the mortality rate in
individuals with malignant neoplasms.

3.2 Phase VI
Phase VI of the study is ongoing and will be terminated at
the end of 2019.

This work was fully funded by Japan’s Nuclear Regulation
Authority.
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Table 1 Duration and population for analysis of REA’s epidemiological study.

Study phase Duration Population for analysis
Phase I 1990-1994 114,900
Phase II (first lifestyle survey) 1995-1999 (1997) 119,484
Phase III (second lifestyle survey) — 2000—2004 (2003) 200,583
Phase IV 2005-2009 203,904
Phase V 20102014 204,103

Phase VI 2015—present Ongoing
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